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SUMMARY
Fundam enta l  a n a l y s i s  o f  t r a n s i s t o r s  i n  one d im e n s io n  i s  
d e s c r i b e d .  The b a s i c  e q u a t i o n s  a r e  p r e s e n t e d  in  a n o r m a l i s e d  form 
t o g e t h e r  w i t h  t h e  d a t a ,  c o n s i s t i n g  o f  example i m p u r i t y  d o p in g  p r o f i l e s  
o f  two w id e ly  d i f f e r i n g  r e a l  t r a n s i s t o r s ,  and co m p reh en s iv e  m odels 
f o r  r e c o m b in a t io n  and c a r r i e r  m o b i l i t y .  These e q u a t i o n s  a r e  d e v e lo p e d  
in  i n t e g r a l  and f i n i t e - d i f f e r e n c e  fo rm , l e a d i n g  t o  t h e  com puter  
p rogram s ODESSA and ODETTA. The fo rm er  i s  an e x t e n s i v e l y  d e v e lo p e d  
s t e a d y - s t a t e  p rog ram  now i n  w ide  and g e n e r a l  u s e .  Examples o f  i t s  
a p p l i c a t i o n  t o  t h e  two d e v ic e s  above a r e  g iv e n .  The p ro g ram  ODETTA 
i s  a l a r g e  s i g n a l ,  v o l t a g e  d r iv e n  t r a n s i e n t  a n a l y s i s  p rog ram  b a s e d  
on a t im e - d e p e n d e n t  im p le m e n ta t io n  o f  t h e  Gummel a lg o r i th m .  The 
p rogram  i s  s t a b l e  u n d e r  a l l  a r b i t r a r y  d r i v i n g  v o l t a g e s  V ^ and  Vc^ , 
and i s  shown a p p l i e d  t o  t h e  same two t r a n s i s t o r s .  One o f  t h e s e  i s  a 
p a r t i c u l a r l y  d i f f i c u l t  d e v ic e  t o  a n a ly s e  n u m e r i c a l l y .  Under no rm al  
o p e r a t i n g  c o n d i t i o n s  t r a n s i e n t  e f f e c t s  d o m in a te  i t s  p e r f o r m a n c e ,  so 
t h a t  i t s  o b s e rv e d  b e h a v io u r  i s  v e ry  d i f f e r e n t  from  s t e a d y  s t a t e  v a l u e s .  
ODETTA h a n d le s  t h e  p ro b le m  w e l l  and shows how t h e s e  e f f e c t s  a r i s e .
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FUNDAMENTAL ONE DIMENSIONAL ANALYSIS OF TRANSISTORS
1. INTRODUCTION
S in c e  th e  o r i g i n a l  p a p e r  by G u m m e l^  i n  1964 a g r e a t  
d e a l* o f  l i t e r a t u r e  h a s  a p p e a re d  on th e  s u b j e c t  o f  f u n d a m e n ta l ,  o r  
e x a c t ,  t r a n s i s t o r  m o d e l l i n g .  Gummel was th e  f i r s t  t o  s o lv e  t h e  
s e m ic o n d u c to r  p a r t i a l  d i f f e r e n c e  e q u a t i o n s  w i t h  no b a s i c  s i m p l i f i c a t i o n s
in  t h e i r  one d im e n s io n a l  s t e a d y  s t a t e  form . H is i n t e g r a l  f o r m u la t io n
. . . ( 2 )
a p p e a re d  m  an im proved  form  m  t h e  work o f  de M a n  , who th e n  w ent
(3)on t o  t a c k l e  t h e  t im e  d e p e n d en t  1 -d im e n s io n a l  sy s te m  . T h is
r e q u i r e d  t h e  use  o f  a  f i n i t e - d i f f e r e n c e  f o r m u la t io n  from  w h ich  he
c o u ld  o b t a i n  a c u r r e n t - d r i v e n  t r a n s i e n t  s o l u t i o n  f o r  a  d io d e .  A
s im p le  s p a t i a l  d i s c r e t i z a t i o n  was u se d  and s o l u t i o n s  w ere  o b t a i n e d
f o r  two i m p l i c i t  t im e  i n t e g r a t i o n  m e th o d s ,  a Crank N ic o ls o n  scheme and
(4)a p u re  i m p l i c i t  f i r s t  o r d e r  scheme . T h is  was fo l lo w e d  by  th e
(5)a n a l y s i s  o f  a Read d io d e  by Gummel and S c h a r f e t t e r  , a l s o  u s in g  a
1 - d im e n s i o n a l  i m p l i c i t  schem e, b u t  i n t r o d u c i n g  a new and i m p o r ta n t
s p a t i a l  f i n i t e  d i f f e r e n c e  f o r m u la t io n .
The f i r s t  o f  t h e  2 - d im e n s io n a l  p a p e r s  a p p e a re d  n e x t ,  i n  t h e
/£ \
form  o f  a  s u g g e s t e d  f o r m u la t io n  by S lo tboom  . T h is  p r o v id e d  a means 
f o r  t a c k l i n g  th e  s t e a d y  s t a t e  2 ~ d im e n s io n a l  p ro b lem  and was c o n s o l i d a t e d  
l a t e r  by a p a p e r  show ing th e  a p p l i c a t i o n  o f  h i s  i d e a s  T h is
r e f e r e n c e  i n c i d e n t a l l y  c o n t a i n s  a  v e ry  co m p reh en s iv e  b i b l i o g r a p h y
o f  work on th e  s u b j e c t .
! . . . ( 8)R e tu rn in g  t o  t h e  1 - d im e n s io n a l  f i e l d ,  H a c h te l  e t  a l  and
(9)P e t e r s e n  e t  a l  p u b l i s h e d  work on a t im e  d e p e n d en t  a n a l y s i s  u s i n g  a 
Crank N ic o ls o n  schem e, fo l lo w e d  by R e i s e r w i t h  a 2 - d im e n s i o n a l  
t im e  d e p e n d e n t  m ethod . Here g e n e r a l i t y  was c la im e d ,  b u t  o n ly  p a r t i c u l a r  
a p p l i c a t i o n s ,  such  as d io d e s  and FETs w ere  d e s c r i b e d .
The a u th o r * s  work a t  M u l la rd  R e s e a rc h  L a b o r a t o r i e s  b e g a n  in  
1969 as  p a r t  o f  t h e  P h i l i p s  c o n c e rn  m o d e l l in g  a c t i v i t y ,  and i s  
com plem entary  t o  t h e  work o f  S lo tboom  d e s c r i b e d  in  r e f e r e n c e  7 . We 
have  h e r e  c o n c e n t r a t e d  on th e  1 - d im e n s i o n a l  p ro b le m  i n  s t e a d y  s t a t e  
and t r a n s i e n t  c o n d i t i o n s ,  b u t  w i t h  t h e  o v e r r i d i n g  r e q u i r e m e n t  t h a t  i t  
m ust be  a p p l i c a b l e  t o  p r a c t i c a l  t r a n s i s t o r s ,  p a r t i c u l a r l y  h ig h  f r e q u e n c y  
and h ig h  power d e v ic e s .  An i n t e g r a l  method program  was w r i t t e n  b a s e d  on
Gummelf s i d e a s .  T h is  p rogram  was d e v e lo p e d  from  an o r i g i n a l  p ro g ra m  o f
S lo tboom , and c a l l e d  ODESSA (O ne-D im ens iona l  E x a c t  S te a d y  S t a t e  A n a l y s i s ) .  
When th e  s t e a d y  s t a t e  p rog ram  was o p e r a t i n g  s u c c e s s f u l l y ,  c o l l e a g u e s
began  t o  s tu d y  th e  p h y s ic s  o f  s e m ic o n d u c to r  d e v ic e s  u s in g  i t
and d e v e lo p e d  f o r m u la t io n s  o f  m o b i l i t y  e t c . ,  w hich  a r e  d e s c r i b e d  in  
c h a p t e r  2 .  As t h e s e  t h e o r i e s  w ere  d e v e lo p e d  and t e s t e d  t h e y  
p ro d u ce d  a c o n t i n u a l  m o d i f i c a t i o n  and s t r e a m l i n i n g  w h ich  h a s  b r o u g h t  
th e  p rog ram  t o  i t s  p r e s e n t  s o p h i s i c a t e d  form . C h a p te r  3 d e s c r i b e s  
th e  s o l u t i o n  a d o p te d  t o  P o i s s o n ' s  e q u a t i o n  w h i l e  t h e  d ev e lo p m en t o f  
t h e  ODESSA p rog ram  and i t s  a p p l i c a t i o n  c o m p r ise s  m ost o f  c h a p t e r  4. 
M eanwhile t h e  a u th o r  exam ined  th e  p o s s i b i l i t y  o f  b u i l d i n g  a t r a n s i e n t  
scheme a round  ODESSA b u t  c o u ld  n o t  a c h ie v e  s t a b i l i t y  due t o  t h e  
n e c e s s a r i l y  e x p l i c i t  f o r m u la t io n  o f  t h e  r e s u l t i n g  t im e  i n t e g r a t i o n  
p r o c e s s .
In  o r d e r  t o  d e v e lo p  an i m p l i c i t  scheme f o r  t im e  i n t e g r a t i o n  
i t  was n e c e s s a r y  to  r e f o r m u l a t e  t h e  p ro b le m  i n  te rm s  o f  f i n i t e  
d i f f e r e n c e s .  As th e  i n t r o d u c t i o n  t o  c h a p t e r  5 show s, t h e  f o r m u la t io n s  
d e s c r i b e d  i n  r e f e r e n c e s  3 and 9 w ere  deemed u n s a t i s f a c t o r y .  To o b t a i n  
a v o l t a g e - d r i v e n  m ethod a p p l i c a b l e  t o  t r a n s i s t o r s  r a t h e r  th a n  d io d e s  
a t im e  d e p e n d en t  form o f  Gummel’ s a l g o r i t h m  was d e v e lo p e d .  The 
s p a t i a l  d i s c r e t i z a t i o n  found  n e c e s s a r y  by  S c h a r f e t t e r  and Gummel 
a p p e a r s  n a t u r a l l y  o u t  o f  t h e  a n a l y s i s  and a g e n e r a l i s e d  Crank N ic o ls o n  
scheme f o r  t im e  i n t e g r a t i o n  i s  u s e d .  A com pute r  p rog ram  was d e v e lo p e d  
named ODETTA (O ne-JJ im ensiona l E x a c t  T r a n s i e n t  T r a n s i s t o r  A n a l y s i s )  
w hich  h a s  been  used  to  s u c c e s s f u l l y  model g e n u in e  d e v i c e s .  The 
f o r m u la t io n  and im p le m e n ta t io n  o f  ODETTA i s  d e s c r i b e d  i n  c h a p t e r  5 ,  
f o l lo w e d  by exam ples  i l l u s t r a t i n g  t h e  p ro g ra m ’ s a p p l i c a t i o n .  Two 
t r a n s i s t o r s ,  a m icrowave d e v ic e  and a h ig h  power t r a n s i s t o r  w h ich  m igh t  
be u se d  i n  an i n v e r t e r  c i r c u i t  a p p l i c a t i o n ,  a r e  u sed  f o r  e x a m in in g  t h e  
p e r fo rm a n c e  o f  b o th  ODESSA and ODETTA. The h ig h  power t r a n s i s t o r  
p r o v id e s  a  p a r t i c u l a r l y  s e v e r e  t e s t  f o r  a n a l y s i s  p ro g ra m s ,  b u t  i s  
h a n d le d  w e l l  by  ODETTA.
C h a p te r  5 c o n c lu d e s  w i t h  an e x a m in a t io n  o f  more com plex 
f o r m u la t io n s  w hich  m igh t  l e a d  t o  h ig h -re c o m b  i n a t i o n  s t a b i l i t y ,  and c h a p t e r  
6  g iv e s  o u r  c o n c l u s i o n s .  F i n a l l y  t h e  v a r i o u s  fo rm u la e  u sed  t o g e t h e r  
w i t h  t h e  program s a r e  l i s t e d  i n  a p p e n d ic e s .
1 .1  N o ta t io n
T h is  r e p o r t  c o n ta i n s  a l a r g e  number o f  m a th e m a t ic a l  
e q u a t i o n s  which a r e  o f t e n  d e v e lo p e d  in  f i n i t e  d i f f e r e n c e  f o r m u l a t i o n s .
I t  i s  som etim es n e c e s s a r y  f o r  t h e  v a r i a b l e s  t o  have  s u f f i c e s  i n  s p a c e  
and t im e ,  and a l s o  an i t e r a t i o n  in d e x .  The f o l l o w i n g  n o t a t i o n  i s  
u sed  t h r o u g h o u t ; -
-  3 -
I n d i c e s  r e l a t e d  t o  i  a r e  s p a t i a l  and a p p e a r  as t h e  f i r s t  s u b s c r i p t .
I n d i c e s  r e l a t e d  t o  k  a r e  te m p o ra l  and a p p e a r  as  t h e  se co n d  s u b s c r i p t .  
I n d i c e s  r e l a t e d  t o  m a r e  i t e r a t i v e  and a p p e a r  as  a  s u p e r s c r i p t .
ITi+ 1e . g .  P f+ i  k - 1  t *ie v a lu e  o f  t h e  v a r i a b l e  p a t  t h e  ( i + l ) t h  p o i n t
and ( k - l ) t h  t im e  s t e p  in  t h e  (m + l) th  i t e r a t i o n .
These i n d i c e s  may be  d ro p p ed  when th e y  a r e  e i t h e r  i r r e l e v a n t
o r  o b v io u s .  F o r  exam ple a l t h o u g h  t h e  p o t e n t i a l  b e in g  r e f e r r e d  t o  m igh t 
nW“lbe  k w^ en d e s c r i b e d  f u l l y ,  we may u se  ^  t o  r e f e r  t o  any iJj
a t  t h e  k t h  t im e  s t e p ,  o r  ^  as \}j a t  t h e  i t h  p o i n t  when t h e  t im e  i s  
o b v io u s .  Where a b s o l u t e  v a lu e s  a r e  r e q u i r e d  t h e  o r d e r  g iv e n  i s  r e s p e c t e d
e - g - * 3 ,k + l  ° r  +1?0 e t c .
U n le s s  s t a t e d  o t h e r w i s e ,  a l l  v a r i a b l e s  a r e  f u n c t i o n s  o f  t h e
sp a c e  c o - o r d i n a t e  x and t h e  t im e  c o - o r d i n a t e  t .  Thus x i s  d i s c r e t i z e d
a t  t h e  p o i n t s  x^ and t  a t  t h e  p o i n t s  t ^ .  O c c a s io n a l l y  v a lu e s  a r e
r e q u i r e d  a t  midway p o i n t s  and we u se  x £+  ^ t o  r e f e r  t o  (x £+-^  + x ^ ) / 2 .
The same a p p l i e s  t o  f u n c t i o n s ,  so t h a t  J .  j means J  (x .  i ,  t ) .
1 ” 2 1  2 '
We have a v o id e d  t h e  s e v e r e  t y p o g r a p h i c a l  d i f f i c u l t i e s
i n t r o d u c e d  by s u b s c r i p t i n g  in  d e p th .  F o r  example i t  i s  most c o n v e n ie n t
n o t  t o  have  t o  use  s e p a r a t e  sym bols f o r  e l e c t r o n  and h o l e  m o b i l i t i e s ,
b u t  t o  u se  a s u b s c r i p t e d  compound fo rm , p^ o r  Up* When t h e s e  v a r i a b l e s
r e q u i r e  s u b s c r i p t s  we ru n  i n t o  d i f f i c u l t i e s .  I n - d e p t h  s u b s c r i p t s  mean t h a t
fo rm s l i k e  p a p p e a r ,  w hich  become unm anageab le  in  com plex  e q u a t i o n s .  
n i + l
Our s o l u t i o n  i s  as  f o l l o w s :
W herever p o s s i b l e  t h e  s u b s c r i p t  w hich  forms t h e  compound
v a r i a b l e  w i l l  be  d ro p p e d ,  i . e .  i f  t h e r e  i s  no  chance  o f  c o n f u s io n
be tw een  p and p we s h a l l  u se  p f o r  e i t h e r ,  e . g .  p * , i .n p i + i
I f  t h e  f i r s t  s u b s c r i p t  m ust b e  i n c l u d e d ,  p a r e n t h e s e s  w i l l
be  p u t  round  t h e  compound v a r i a b l e ,  e . g .
p would  become (p■ n. ... ’n ' l+ li + i
J  would  become ( J  ) .  ,
n i , k  n  1> k -
2 .  BASIC EQUATIONS AND DATA
The model c o n s i s t s  o f  s i x  b a s i c  m a th e m a t ic a l  e q u a t i o n s  
s u p p o r t e d  by an e q u i v a l e n t  num ber o f  b o u n d a ry  c o n d i t i o n s  w h ich  r e q u i r e  
c e r t a i n  a s su m p t io n s  f o r  t h e i r  im p le m e n ta t io n .  G e n e r a l ly  t h e s e  a s su m p t io n s  
and l i m i t a t i o n s  w i l l  b e  d i s c u s s e d  as  t h e y  a r e  i n t r o d u c e d .
8M axw ell’ s E q u a t io n  J  ( r , t )  = J  ( r , t )  + J  ( r , t )  £ r  V if j(r ,t)  . . ( 2 . 1 )----------------------------------------------------------      P —--------
g iv e s  t h e  c u r r e n t  d e n s i t y .  I t  c o n s i s t s  o f  a  component c a r r i e d  by e l e c t r o n s ,  
one c a r r i e d  by h o l e s ,  and M axw ell’ s s o - c a l l e d  d i s p l a c e m e n t  c u r r e n t , w hich  
i s  a  f u n c t i o n  o f  t h e  te m p o ra l  v a r i a t i o n  in  t h e  e l e c t r o s t a t i c  p o t e n t i a l  i|j. 
C a r r i e r  T r a n s p o r t  E q u a t io n s
Jn ( r , t )  = - e y n ( £ , t ) n ( r , t ) V i K £ , t )  + eDn ( £ , t ) V n ( r  , t )  . . ( 2 . 2 )
= - e p p ( r , t ) p ( r , t ) V i K r , t )  -  eDp ( r , t ) V p ( r , t )  . . ( 2 . 3 )
These e q u a t i o n s  g iv e  t h e  p a r t i c l e  c u r r e n t  c o n t r i b u t i o n s  o f  ( 2 . 1 )  in
te rm s  o f  t h e  c a r r i e r  d e n s i t i e s  n  and p .  (The word ’ c u r r e n t*  w i l l  be  u se d
th ro u g h o u t  t h i s  r e p o r t .  A lm ost a lw a y s ,  and o b v i o u s l y ,  c u r r e n t  d e n s i t y  i s
m e a n t ) ,  y and D a r e  r e s p e c t i v e l y  m o b i l i t y  and d i f f u s i o n  c o n t a n t .  ( 2 .2 )
and ( 2 .3 )  show th e  two main components o f  p a r t i c l e  c u r r e n t ,  nam ely  d r i f t
and d i f f u s i o n  c u r r e n t .  Our f i r s t  a s su m p t io n  i s  t h a t  t h e s e  r e p r e s e n t  th e
c o m p le te  p a r t i c l e  c u r r e n t .  When t h e r e  i s  a  c a r r i e r  t e m p e r a t u r e  g r a d i e n t
( 11)t h e r e  w i l l  be  a  t h e r m o e l e c t r i c  c u r r e n t  te rm  p l u s  a n o t h e r  component 
We have  t o  n e g l e c t  t h e s e .
C o n t i n u i t y  E q u a t io n s  ^  ^ + \  . . ( 2 . 4 )
| f (-  t}  = -Up ( r , t )  -  |  V .J p ( r , t )  . . ( 2 . 5 )
g iv e  t h e  n e t  i n f l u x  o f  c a r r i e r s  i n t o  a  r e g i o n .  The f u n c t i o n s  U^,
r e p r e s e n t  t h e  g e n e r a t i o n - r e c o m b i n a t i o n  t e r m s .  We s h a l l  b e  c o n c e rn e d
w i th  r e c o m b in a t io n ,  w here  U i s  p o s i t i v e .  I r r a d i a t i o n  o r  th e r m a l  g e n e r a t i o n
t o  p ro d u c e  c a r r i e r  p a i r s  w ould  e q u a l l y  b e  c a t e r e d  f o r  b u t  we s h a l l  n o t
be  c o n s i d e r i n g  a f i e l d  d e p e n d en t  o r  c u r r e n t  d e p e n d e n t  form . Thus no
breakdow n o r  a v a la n c h e  phenomena w i l l  be  t r e a t e d .
Note t h a t  t h e r e  i s  no  r e a s o n  f o r  U and U t o  b e  e q u a l  i n  t h en p
t r a n s i e n t  c a s e .  As th e  r a t e  o f  t r a p  occupancy  v a r i e s ,  so  may t h e s e  f u n c t i o n s .
However, we e x p e c t  t h e  e r r o r  i n  t a k i n g  U = U = U t o  b e  s m a l l .  Inn  p
f a c t  b o th  r e c o m b in a t io n  m odels d e s c r i b e d  in  s e c t i o n  2 .5  a r e  d e r i v e d  from  
s t e a d y  s t a t e  t h e o r y ,  w here  m ust e q u a l  U^.
P o i s s o n ’ s E q u a t io n
V2 i K r , t )  = ~  { n ( r , t )  -  p ( r , t )  -  N (_ r ,t)}  . . . ( 2
T h is  r e l a t e s  t h e  e l e c t r o s t a t i c  p o t e n t i a l  t o  t h e  n e t  s p a c e  c h a r g e .
The f u n c t i o n  N c o n s i s t s  o f  t h r e e  com ponents .
N ( r , t )  = ND+ ( £ , t )  -  Na C r , t )  + NCH( : r , t )  . . . ( 2
Np+ and r e p r e s e n t  t h e  c h a rg e d  donor  and a c c e p t o r  d e n s i t i e s
r e s p e c t i v e l y  and N™ i s  t h e  c h a rg e  d e n s i t y  due t o  c h a rg e d  t r a p s .Lri
E q u a t io n s  ( 2 .1 )  t o  ( 2 .6 )  r e p r e s e n t  t h e  p ro b le m  t o  be  s o lv e d .
A d i r e c t  r e s u l t  from  ( 2 . 1 ) ,  ( 2 .4 )  and ( 2 .5 )  i s  t h e  n o n - d iv e r g e n c e  
e q u a t i o n  o f  Maxwell V . J ( r ^ t )  = 0 w hich  s i g n i f i e s  t h e  a b s e n c e  o f  m a g n e t ic  
f i e l d s .
We a r e  c o n c e rn e d  h e r e  o n ly  w i t h  t h e  o n e -d im e n s io n a l  p ro b le m  
so  t h a t  t h e  s p a t i a l  d e r i v a t i v e s  i n  t h e  above become s im p le  d i f f e r e n t i a l s
w i th  r e s p e c t  to  t h e  s p a c e  v a r i a b l e  x .  Much o f  w hat f o l l o w s ,  h o w e v e r ,
i s  e q u a l l y  r e l e v a n t  i n  two o r  t h r e e  d im e n s io n s .
2 .1  N o r m a l i s a t io n  o f  t h e  e q u a t i o n s
We fo l lo w  w hat h a s  become t h e  u s u a l  p r a c t i c e  o f  n o r m a l i s i n g
. ( 2 )
t h e  b a s i c  e q u a t i o n s  i n t o  a  d im e n s io n le s s  form . The scheme o f  de M ari 
i s  fo l lo w e d  w here  t h e  n o r m a l i s i n g  c o n s t a n t s  w ere  chosen  f o r  t h e i r  
co n v e n ie n c e  in  m aking  th e  b e s t  s i m p l i f i c a t i o n .  A l i s t  o f  n o r m a l i s a t i o n  
f a c t o r s  and t h e i r  v a lu e s  i s  g iv e n  in  A ppendix  A5.
E i n s t e i n ’ s r e l a t i o n  be tw een  d i f f u s i o n  c o n s t a n t  and c a r r i e r  
m o b i l i t y  i s  u se d  in  t h e  a n a l y s i s .
T h is  i s  a c o n seq u en ce  o f  u s in g  Boltzm ann s t a t i s t i c s  and as  such  i s  v a l i d
a t  t h e  m o d era te  d o p in g  l e v e l s  u se d  i n  t h e  main p a r t s  o f  t h e  d e v ic e
s t r u c t u r e s  u n d e r  c o n s i d e r a t i o n .  However, t h e  l a t t i c e  t e m p e r a t u r e  i s
used  and n o t  t h e  c a r r i e r  t e m p e r a t u r e ,  p r o d u c in g  e r r o r s  when ’h o t ’ o r
’ c o l d 1 c a r r i e r s  a r e  p r e s e n t .  Where we have  c a r r i e r  h e a t i n g ,  t h e  d r i f t
c u r r e n t  do m in a te s  so t h a t  h o p e f u l l y  t h e s e  e r r o r s  a r e  s m a l l .  The u s e  o f
Boltzm ann s t a t i s t i c s  i s  much more s u s p e c t  a t  t h e  h ig h  d o p in g  l e v e l s
(12) . .e n c o u n te re d  m  e m i t t e r s .  Work h a s  b e e n  r e p o r t e d  w h ich  i n v e s t i g a t e s
t h i s  and o f f e r s  a  p o s s i b l e  f o r m u l a t i o n .  R e s u l t s  a r e  t e n t a t i v e ,  b u t  
do n o t  in  g e n e r a l  show l a r g e  e f f e c t s  on e x t e r n a l  d e v ic e  b e h a v i o u r ,  and 
we have  r e t a i n e d  th e  s im p le  Boltzm ann a p p ro a c h .
In order to  maintain a dimensionless m obility  (or i t s  inverse ,
Y which we s h a l l  often use) i t  i s  necessary to introduce an arbitrary  
d if fu s io n  constant Dq with the value unity but the correct dimensions.
We then have
, N 1 V X,t) , V  1 Dn ( x , t )
V * * 0  = = ■> ■- = - 5 —
We retain  the same symbols for the normalised q u an tit ies  as were used 
for the unnormalised ones. The remainder of th is  report, apart from 
r e s u l t s ,  which appear in physical u n its ,  w i l l  use normalised un its  unless  
the contrary i s  s ta ted .
In terms o f these u n its ,  and s im p lif ied  to the one-dimensional 
case which i s  o f  in t e r e s t ,  the fundamental s e t  of equations to  be 
solved i s  as fo l lo w s .
J ( t )  = Jn ( x , t )  + J ( x , t )  + f f  . . . ( 2 . 8 )
y e )  , y x . o  { n ( * . t )  1 4 ( ^ 1  -  . . . ( 2 . 9)
JpC^.t) = wp ( x , t )  + , . . ( 2 . 1 0 )
= _D . . _ 3Jn (x ’ t}  ^ . . . ( 2 . 1 1 )
at V x ,c ;  3x
3 p (x .t)  8JP(X ,t) . . . ( 2 . 1 2 )
a t  “  p'' 9 ; ax
= n ( x , t )  -  p ( x , t )  -  N (x ,t )  . . . ( 2 . 1 3 )
ax
These s i x  equations are w ritten  in the primary variab les  o f  the system  
n ,p ,^ ,  with the various currents as convenient secondary functions o f  
th ese . I t  Is  a lso  occas ion a lly  usefu l to have a v a ilab le  q u a n tit ie s  such 
as the e l e c t r i c  f i e l d  and inverse m ob ility , defined by
E (x ,t )  88 -  — ; y ( x , t )  =  T ' TV > Y (x»t) -  •3x » n ’ ' yn ( x , t )  P Pp ( x , t )
Also usefu l are the quasi-Fermi p o ten t ia ls  <j>n and 4>^ , defined as f o l lo w s :
l K x , t )  "  <L ( x , t )  <|> _ ( x , t )  -  l |>(x,t)
n ( x , t )  = e ; p ( x , t )  = e . . .  ( 2 .1 4 )
which p l a y  an im p o r ta n t  p a r t  i n  th e  a p p l i e d  b o u n d a ry  c o n d i t i o n s .
As m e n t io n e d  ab o v e ,  we now n e e d  s i x  b o u n d a ry  c o n d i t i o n s  
t o  a p p ly  t o  t h e  p ro b le m . In  a d d i t i o n  t h e  f u n c t i o n s  y^ and y ^ ,  
and Up, must be  d e f i n e d  a lo n g  w i t h  t h e  d o p in g  p r o f i l e  N. The 
re m a in d e r  o f  t h i s  c h a p t e r  w i l l  c o n s i d e r  e a c h  o f  t h e s e .
2 .2  The i o n i s e d  im p u r i t y  d o p in g  p r o f i l e
The f u n c t i o n  N i s  u s u a l l y  d e f i n e d  as N = -  N^, t h e  number
o f  donor  i m p u r i t i e s  minus t h e  num ber o f  a c c e p t o r  i m p u r i t i e s .  T h is  
assum es c o m p le te  i o n i s a t i o n  o f  t h e  im p u r i t y  d o p an t  atoms and n e g l e c t s  
th e  e f f e c t  o f  c h a rg e d  t r a p s .  A s u g g e s t e d  b e t t e r  scheme i s  t h e  
f o l l o w i n g ( 1 3 ) :
From Ferm i s t a t i s t i c s  i t  may b e  shown t h a t  t h e  number o f  u n f i l l e d  
a c c e p t o r s  i s  g iv e n  by
na
N. -  N . . . ( 2 . 1 5 )
A A I e f  -  EA
I  exp 1 l i T
w here  g = g round s t a t e  d e g e n e ra c y  o f  im p u r i ty  l e v e l
E = Ferm i l e v e l£
= a c c e p t o r  e n e rg y  l e v e l  
T^ = l a t t i c e  t e m p e r a t u r e .
Boltzm ann g iv e s  t h e  d e n s i t y  o f  f r e e  h o l e s
EV"EFp = Ny exp -j  \  . . . ( 2 . 1 6 )
w here = d e n s i t y  o f  s t a t e s  in  t h e  v a le n c e  band
Ey = e n e rg y  l e v e l  o f  t h e  to p  o f  t h e  v a le n c e  b a n d .
The Ferm i l e v e l  may b e  e l i m i n a t e d  from  ( 2 .1 5 )  and ( 2 .1 6 )  g i v i n g
N (x)
N.. ( x , t )  =
N exp 1 kT_v  I L
Examples o f  t h e  e f f e c t  o f  t h i s  i n c o m p le te  i o n i s a t i o n  a r e  g iv e n  in  
r e f e r e n c e  13 w here  i t  i s  a l s o  shown t h a t  l i t t l e  e r r o r  i s  i n t r o d u c e d  
by t a k i n g  N^+ = N^. U n le s s  t h e  r e c o m b in a t io n  te rm  i s  v e ry  h i g h ,  t h e  
te rm  N in  e q u a t i o n  ( 2 .7 )  can n o r m a l ly  be  n e g l e c t e d .Crl
In  t h e  example r e s u l t s  g iv e n  in  t h i s  r e p o r t ,  we h av e  n o t  
b een  i n t e r e s t e d  in  f i n e  d e t a i l ,  o r  a b s o l u t e l y  a c c u r a t e  m o d e l l i n g  o f  
r e a l  t r a n s i s t o r s .  In  a d d i t i o n ,  d a t a  on such  i te m s  as g o r  i s  
s c a r c e ,  so t h a t  f o r  p r a c t i c a l  exam ples  we have  r e s t r i c t e d  o u r s e l v e s  
t o  t h e  s i m p l i f i e d  s p a c e - c h a r g e  te rm  i n  P o i s s o n ' s  e q u a t i o n .
P ( x , t ) _ 32^ (x »fc)
3x2
= -  { n ( x , t )  -  p ( x , t ) -  Nd ( x) + Na ( x)}
As f a r  as d a t a  (N^ -  N^) i s  c o n c e r n e d ,  two i m p u r i t y  d o p in g  
d i s t r i b u t i o n s  a r e  u se d  i n  t h i s  r e p o r t .  These  a r e  r e a l i s t i c  p r o f i l e s  
b a s e d  on a c t u a l  d e v i c e s ,  and w ere  chosen  t o  r e p r e s e n t  w hat m ig h t  be  
t h e  e x trem e  ends o f  t h e  t r a n s i s t o r  s p e c t ru m .
2 . 2 . 1  Microwave t r a n s i s t o r
The p r o f i l e  u se d  f o r  a  t y p i c a l  m icrow ave t r a n s i s t o r  i s  g iv e n  
in  f i g u r e  2 . 1 .  I t  i s  made up e s s e n t i a l l y  o f  com plem en tary  e r r o r  f u n c t i o n s  
and r e p r e s e n t s  a s m a l l  d e v ic e  w i t h  an f ^  o f  a  few GHz. Such a d e v ic e  
would  a p p e a r  in  h i g h - s p e e d  s w i t c h i n g  c i r c u i t s  i n  c om pu te rs  o r  i n  pream p­
l i f i e r s .  I t  w ould  n o r m a l ly  be s u b j e c t  t o  v e ry  few a p p l i e d  v o l t s  and
would have  t e r m i n a l  c u r r e n t s  o f  a few mA. N o te ,  how ever ,  t h a t  f o r  s m a l l
4 2d e v ic e s  t h i s  i m p l i e s  c u r r e n t  d e n s i t i e s  up t o  10 A/cm .
2 . 2 . 2  I n v e r t e r  t r a n s i s t o r
F ig u r e  2 .2  i s  t h e  o t h e r  e x t r e m e .  T h is  i s  a  h eav y  d u ty  d e v ic e
such  as  m ig h t  a p p e a r  in  t e l e v i s i o n  s c a n  c i r c u i t s  o r  h i g h  v o l t a g e  i n v e r t e r s
I t  i s  v e ry  l o n g ,  m a in ly  as  a r e s u l t  o f  h a v in g  t o  w i t h s t a n d  a p p l i e d
v o l t a g e s  o f  a k i l o v o l t  o r  so  and as  such  w ould  have  an f ^  o f  a  few MHz.
A lth o u g h  t h e  d e v ic e  m ig h t  c a r r y  up t o  10 A, t h e  c u r r e n t  d e n s i t i e s  would
2o n ly  b e  m easu red  i n  some t e n s  o f  A/cm .
These two p r o f i l e s  s h o u ld  o f f e r  c o m p le te ly  d i f f e r e n t  p ro b le m s  
t o  t h e  n u m e r ic a l  a n a l y s i s .  One w ould  hope t h a t  a  scheme c o p in g  w i t h  
t h e s e  s h o u ld  have  w ide  a p p l i c a b i l i t y .
The p r o f i l e s  a r e  g e n e r a t e d  u s i n g  an i n t e r a c t i v e  m acro  i n  t h e  
ICL George 3 o p e r a t i n g  sy s te m . T h is  i s  d e s c r i b e d  i n  r e f e r e n c e  13.
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2 .3  Boundary C o n d i t io n s
A lth o u g h  t h e  s y s te m  i s  am enab le  t o  t h e  a p p l i c a t i o n  o f  t h e  m ost 
g e n e r a l  b ounda ry  c o n d i t i o n s , t h i s  i s  an a r e a  we have  n o t  v e n tu r e d  i n t o .
Our s y s te m  i s  a s t r a i g h t f o r w a r d  t im e  e x t e n s i o n  o f  Gummel’ s o r i g i n a l  
w o r k ^ ^ .  W hile  rem em bering , t h e r e f o r e ,  t h a t  no  e x t e r n a l  r e s t r i c t i o n  
on b o u n d a ry  c o n d i t i o n s  i s  im posed by th e  a n a l y s i s ,  we s h a l l  c o n te n t  o u r s e l v e s  
w i t h  a b r i e f  d e s c r i p t i o n  o f  t h e  m ethod u s e d .
Assume we a r e  d i s c u s s in g  an n - p - n  t r a n s i s t o r  and  t h a t  a t  t h e  
e m i t t e r  x = 0 and a t  t h e  c o l l e c t o r  x = L. The z e ro  o f  p o t e n t i a l  i s  
chosen  so  t h a t  a t  t h e  b a s e  c o n t a c t  (x=B) we h av e  <j>p (B) = 0 f o r  a l l  t im e .
The a d v a n ta g e  o f  t h i s  i s  t h a t  th e  p o s i t i o n  o f  B chosen  i s  u n c r i t i c a l  
as <J>p changes  v e ry  l i t t l e  th ro u g h  t h e  b a s e .  Ohmic c o n t a c t s  w i t h  i n f i n i t e  
r e c o m b in a t io n  g iv e  a t  0 and L np = 1 and t h e r e f o r e  (f>p = <f>n .
When we a p p ly  v o l t a g e s  V ^ ( t )  and Vc b ( t )  t h e  q u a s i - F e r m i  p o t e n t i a l s  
move w i th  t h e  v o l t a g e s ,  so  t h a t
cf>p ( 0 , t )  = *n ( 0 , t )  = Ve b ( t ) ;  (f>p (L) = cf>n (L) = V.b ( t ) ;
D e f i n i t i o n  o f  s p a c e  c h a rg e  n e u t r a l i t y  a t  t h e  c o n t a c t s  g iv e s  a t  x  = 0 
and x = L
$  _ N = 0n -p -N  = 0 , t h u s  e
S o l u t i o n  o f  t h i s  q u a d r a t i c  i n  e v g iv e s  \}> a t  t h e  c o n t a c t s ,  w h ich  now g iv e s  
enough b o u n d a ry  c o n d i t i o n s  t o  d e f i n e  t h e  p ro b le m  u n i q u e l y .  Sum m ariz ing  
t h e s e  we h a v e :
0
iK O ,t )  = Vfib( t )  -  In f N ( O )  ' + 1 N(0)
. . . ( 2 . 1 8 )
. . . ( 2 . 1 9 )
^ ( L , t )  = Vc b ( t )  -  In  ' / [ m ) 2  .  x  .  m . . . ( 2 . 20)
At x=0 and x=L , n ( x )  = N(x) and p ( x )  = n ( x ) . . . ( 2 . 21)
In  a d d i t i o n  to  t h e  above d y n a m ic a l ly  v a r y i n g  b o u n d a ry  
c o n d i t i o n s ,  i t  i s  n e c e s s a r y  f o r  a t r a n s i e n t  a n a l y s i s  t o  h av e  t h e  p ro b le m  
c o m p le te ly  c h a r a c t e r i s e d  a t  t im e  t= 0 .  Thus we n e e d  ( f ro m  a s t e a d y  s t a t e
c o m p u ta t io n )
n ( x , 0 ) ,  p ( x , 0 ) ,  ^ ( x , 0 ) .
We s h a l l  s e e  i n  c h a p t e r  5 t h a t  t h i s  i n i t i a l  c o n d i t i o n  i s  r e a d i l y  
a v a i l a b l e  from a t r a n s i e n t  p rogram .
2 .4  C a r r i e r  M o b i l i t i e s
For  t h e  b a s i c  r e a l i s a t i o n  o f  t r a n s i e n t  a n a l y s i s  p ro g ra m s ,  
t h e  e x a c t  f o r m u la t io n  u se d  f o r  m o b i l i t i e s  i s  n o t  c r i t i c a l .  When 
com parison  o f  t h e  r e s u l t s  i s  made w i t h  r e a l  d e v i c e s ,  ho w e v e r ,  m o b i l i t y  
becomes v e ry  i m p o r t a n t ,  and as  such  h a s  been  t h e  s u b j e c t  f o r  c o n s i d e r a b l e
(14)t h e o r e t i c a l  and  p r a c t i c a l  s t u d y  by t h e  a u t h o r ' s  c o l l e a g u e s  . The 
f o r m u la t io n s  a r r i v e d  a t  as  a  r e s u l t  o f  t h i s  work a r e  u s e d  in  t h e  p rogram s 
d e s c r i b e d  in  c h a p t e r s  4 and 5 and w i l l  b e  b r i e f l y  d e s c r i b e d  h e r e .
Both s c a t t e r i n g  due t o  t h e  s i l i c o n  l a t t i c e  and s c a t t e r i n g  due 
t o  t h e  p r e s e n c e  o f  i m p u r i t i e s  a r e  t a k e n  i n t o  a c c o u n t .  These  two e f f e c t s  
a r e  c o n s id e r e d  s e p a r a t e l y  and  th e n  combined u s in g  a s t a t i s t i c a l  f a c t o r  
t o  a l lo w  f o r  t h e i r  d i f f e r i n g  dependence  on c a r r i e r  v e l o c i t y .
( a )  L a t t i c e  S c a t t e r i n g
I n t e r a c t i o n  o f  c a r r i e r s  w i t h  t h e  l a t t i c e  phonons i s  d e p e n d e n t  
b o th  on th e  c a r r i e r  t e m p e r a tu r e  and on t h e  t e m p e r a t u r e  o f  t h e  l a t t i c e .
For  s o - c a l l e d  ' h o t '  c a r r i e r s ,  t h e  c a r r i e r  t e m p e r a tu r e  T i s  assum ed t o
JE 6depend on th e  e l e c t r i c  power ~  g a in e d  by t h e  c a r r i e r s  and n o t  on E a l o n e ,
as i s  w ro n g ly  assum ed i n  m ost o f  t h e  r e f e r e n c e s  o f  t h i s  r e p o r t  (n in
t h i s  c o n te x t  i s  t h e  number o f  c a r r i e r s ,  e i t h e r  e l e c t r o n s  o r  h o l e s
d e p e n d in g  on w hich  m o b i l i t y  we a r e  c a l c u l a t i n g ) .  The a d v a n ta g e  o f  t h i s  -
ap p ro a c h  i s  i l l u s t r a t e d  by th e  c a s e  o f  j u n c t i o n s  a t  e q u i l i b r i u m  (J= 0)
w i th  s t r o n g  b u i l t - i n  f i e l d s .  T h is  a p p ro a c h  p r e d i c t s  no  c a r r i e r  h e a t i n g ,
a s  e x p e c te d  on fu n d a m e n ta l  therm odynam ic  g ro u n d s ,  w h e re as  a  dep en d en ce
on E im p l ie s  t h a t  h e a t i n g  t a k e s  p l a c e .
I t  i s  n o r m a l ly  assum ed t h a t  c a r r i e r s  a r e  e i t h e r  h o t  o r  in  
e q u i l i b r i u m  w i th  t h e  l a t t i c e .  In  o t h e r  w ords c a r r i e r s  may o n ly  h av e  
an e n e rg y  g r e a t e r  th a n  o r  e q u a l  t o  t h e  e q u i l i b r i u m  v a l u e .  U s in g  t h e  
power t r a n s f e r  a rgum ent i t  i s  p o s s i b l e  t o  c o n s i d e r  t h e  c a s e  w h ere  d i f f u s i o n  
c u r r e n t s  a r e  so  l a r g e  t h a t  t h e  n e t  c u r r e n t s  f lo w  a g a i n s t  t h e  f i e l d  
( su c h  a c a se  m igh t a r i s e  i n  an e m i t t e r - b a s e  j u n c t i o n ) .  H ere  t h e  c a r r i e r  
l o s e s  power and i t  i s  r e a s o n a b l e  t o  assum e c a r r i e r  c o o l i n g .  T h is  i s
t a k e n  i n t o  a c c o u n t  i n  o u r  a p p ro a c h .
The c a r r i e r  t e m p e r a t u r e  i s  g iv e n  by
JE
en
JE +
en
L <
. . ( 2 . 22)
w here  T_ = l a t t i c e  t e m p e r a t u r e  L
y^(T ^)  i s  t h e  l a t t i c e  m o b i l i t y  f o r  c a r r i e r s  i n  e q u i l i b r i u m
LO
30CK
v^ (T^) i s  t h e  l i m i t i n g  d r i f t  v e l o c i t y
and s = s ig n
vL() { 1 - $  (Tl  -  300)}
c r i t i c a l  f i e l d  
I JE* -  epTE n L c
The v a lu e s  o f  a l l  t h e  p a r a m e te r s  and t h e  c o n s ta n t s  a r e  l i s t e d  i n  
T a b le  2 . 1 .  The n o n - e q u i l i b r i u m  l a t t i c e  m o b i l i t y  [ y j  i s  t h e n  s im p ly
Kl . ( 2 . 2 3 )
b .  I m p u r i ty  S c a t t e r i n g
T h is  i s  a  f u n c t i o n  o n ly  o f  t h e  c a r r i e r  t e m p e r a t u r e  T£ and  i s
g iv e n  by
K 1
N  =  n a  +  ND +  pe 300 In 1  +
*2 
n  + p
2 n
300
- 1
. . ( 2 . 2 4 )
w here a g a in  t h e  c o n s t a n t s  K^, K2  a r e  g iv e n  in  T a b le  2 . 1 .  0 i s  a  f a c t o r
w hich  i s  i n t r o d u c e d  t o  r e p r e s e n t  t h e  e f f e c t  o f  h o l e - e l e c t r o n  s c a t t e r i n g  
on th e  m i n o r i t y  c a r r i e r  m o b i l i t y .
TABLE 2 .1  P a r a m e te r  v a lu e s  f o r  c a l c u l a t i o n  o f  m o b i l i t i e s  y and y --------------------------------    n-
P a ra m e te r V alue f o r  h o l e s V alue  f o r  e l e c t r o n s U n i t s
2  - 1  - 1
A o 480 1350 cm .V s
6 - 1O> 8 . 72 x 10 9*588 x 10° cm. s
, 3 3 - 1E 1 0 J 1 0 J V. cmc
y 2 . 6 2 .4 -
- 3
8 0 1 0  J
a 1 . 6 1 .4 -
0 0 0 .5
Ki 2 .4 4 8 2 0  x  102 1
-
* 2
1 .40694  x 102 0
c . T o t a l  M o b i l i ty
The two m o b i l i t y  components [y and [yT"] a r e  com bined
Li J.
s t a t i s t i c a l l y  u s in g  a t h e o r y  g iv e n  by Debye and Conw ell i n  t h e  p a p e r  
m en t io n e d  i n  r e f e r e n c e  13.
M Fi] . .  ( 2 .2 5 )
w here  F i s  a t r a n s c e n d e n t a l  f u n c t i o n  o f  s
[y i ]
T h is  f u n c t i o n
may be a p p ro x im a te d  t o  w i t h i n  1 % o v e r  t h e  w hole  r a n g e  a s  f o l l o w s .
L e t  w =
[ yx]
, th e n  we f i n d
w ^ 0 .0 8 F = 1 -  3.432w + 1 3 . 99w s
0 .0 8  < w < 3 . 8 F = 1 4 .16  + 4 5 . 22w + 31.06ws 15 .72  + 7 6 . 34w + 36.00w^
w % 3 .8 1 .442  ^ 2 .1 3 7F = 1 ---------------- +  7—s w w^ -
E q u a t io n  ( 2 .2 5 )  g iv e s  t h e  f i n a l  form  o f  c a r r i e r  m o b i l i t y  u s e d  i n  t h e  
r e a l i s a t i o n  o f  t h e  p rogram s g iv e n  l a t e r .  ( A l l  o f  t h e  e q u a t i o n s  i n  t h i s
s e c t i o n  a r e  g iv e n  in  p h y s i c a l  u n i t s  and w i l l  g iv e  m o b i l i t i e s  i n  u n i t s  
o f  cm /s.)
2 .____________________________5_R ecom bina tion  model
I t  i s  no rm a l  i n  m o d e l l i n g  w ork t o  u se  t h e  S h o ck ley -R ead  
m o d e l ^ " ^  f o r  t h e  r e c o m b in a t io n  f u n c t i o n .  In  t h i s  model r e c o m b in a t io n  
i s  assum ed t o  o c c u r  a t  a  s i n g l e  i m p u r i t y  e n e rg y  l e v e l  somewhere be tw een  
v a le n c e  and c o n d u c t io n  b a n d .  In  r e d u c e d  u n i t s  t h e  f o r m u la t io n  i s  g iv e n  
bY
lU v  \ _ n ( x , t )  p ( x , t )  ~ 1__________________
■ '  :  . . . ( 2 . 2 6 )
T TTp ( n ( x , t )  + e } + Tn ( p ( x , t )  + e }
w here  U = U = U i n  t h i s  s t e a d y  s t a t e  model a s  d i s c u s s e d  a t  t h e  
n P
b e g in n in g  o f  t h i s  c h a p t e r ,  and xn a r e  g iv e n  r e c o m b in a t io n  l i f e t i m e s
and (J)^  i s  t h e  e n e rg y  l e v e l  o f  t h e  t r a p p i n g  c e n t r e s ,  r e f e r r e d  t o  o u r  
d e f i n i t i o n  o f  t h e  z e ro  o f  p o t e n t i a l .  F o r  p r a c t i c a l  p u r p o s e s  <j> may 
u s u a l l y  be  t a k e n  to  be  in  t h e  m id d le  o f  t h e  band  gap and t h e r e f o r e  
c o i n c i d e n t  w i th  t h e  e q u i l i b r i u m  Ferm i l e v e l ,  i . e .  cj)^  = 0 .
The program s o f  c h a p te r s  4 and 5 make u se  o f  e q u a t i o n  ( 2 .2 6 )
b u t  a more s o p h i s t i c a t e d  model i s  a l s o  i n c l u d e d  as t h e  r e s u l t  o f  work
(13) . . . .
by c o l l e a g u e s  v y . Here i t  i s  assum ed t h a t  r e c o m b in a t io n  i s  due t o
an i m p u r i ty  such  as g o ld  whose atoms may be  n e u t r a l  o r  have  a t t a c h e d
e i t h e r  a p o s i t i v e  o r  n e g a t i v e  e l e c t r o n i c  c h a rg e  e .  The i m p u r i t y  i s
th e n  c h a r a c t e r i s e d  by two e n e rg y  l e v e l s  c o r r e s p o n d in g  t o  a c c e p t o r  and
dono r  s t a t e s .  The r e c o m b in a t io n  f u n c t i o n  th e n  i n v o lv e s  n i n e  p a r a m e t e r s .
Four c a p tu r e  c r o s s  s e c t i o n s  a r e  r e q u i r e d ,  f o r  e l e c t r o n s  and
A A D D h o l e s  a t  donor and a c c e p t o r  l e v e l s .  C a l l  t h e s e  C , C , C , Cp n p n
We a l s o  have  f o u r  e m is s io n  r a t e s  d e f i n e d  in  a  s i m i l a r  m anner
A A D DE , E , E , E . Then a t  each  o f  t h e  two e n e rg y  l e v e l s  t h e  n e t  p n p n
r a t e  o f  c a p tu r e  o f  e l e c t r o n s  i s  e q u a te d  t o  t h e  n e t  r a t e  o f  c a p t u r e  o f  
h o l e s  ( i . e .  a g a in  assum ing  a s t e a d y  s t a t e  s i t u a t i o n ) .
F o r  example a t  t h e  a c c e p t o r  l e v e l ,
CA N n -  EA N~ = CA N~p -  EA N . . . ( 2 . 2 7 )n o  n  P P o
i . e .  ( e l e c t r o n s  c a p tu r e d  by n e u t r a l  atoms l e s s  e l e c t r o n s  e m i t t e d  from
n e g a t i v e l y  c h a rg e d  a tom s) = ( h o le s  c a p tu r e d  by n e g a t i v e l y  c h a rg e d  atom s
l e s s  h o l e s  e m i t t e d  from  n e u t r a l  a to m s ) .
S i m i l a r l y  a t  t h e  donor l e v e l
CD N p -  E° N+ = CD N+n -  E° N . . . ( 2 . 2 8 )p o r  p n n o
S in c e  we a l s o  have  t h e  t o t a l  number o f  atoms g iv en
NT = Nq + N+ + N~ . . . ( 2 . 2 9 )
t h e  e q u a t i o n s  ( 2 .2 7 )  -  ( 2 .2 9 )  may be s im p ly  s o lv e d  f o r  Nq ,N+ ,N .
I f  we d e f i n e  f o r  c o n v e n ie n c e ,
r A =
EA + CA n 
P n
EA + CA p n • p
ED + C° p n P r
E° + C° n p n
th e n
N+ = N. D
1 + rA+ r D
N = N.
1 +rA+ rD
No = N t
1 + rA+ rD
T h is  g iv e s  im m e d ia te ly  t h e  c h a rg e  = N -  N due t o
i o n i s e d  t r a p s  s h o u ld  t h e  a c c u r a t e  form  o f  t h e  P o i s s o n  e q u a t i o n  d e s c r i b e d
a t  t h e  b e g in n i n g  o f  t h i s  c h a p t e r  ( e q u a t io n  ( 2 . 7 ) )  b e  u s e d .
The r e c o m b in a t io n  r a t e  U(=U =U ) i s  s im p ly  t h e  sum o f  t h en p '  r  J
r e c o m b in a t io n s  a t  t h e  two l e v e l s ,  g iv en  by e i t h e r  s i d e  o f  e q u a t i o n s  
(2 .2 7 )  and ( 2 . 2 8 ) .  Making th e  s u b s t i t u t i o n s  f o r  N+ , N and Nq g iv e s  
f i n a l l y
U ( x , t )  =
A n
C + C r  ( x , t )  n n D n ( x , t )  -  EAr D( x , t )  -  E°
. . . ( 2 . 3 0 )
Nn
l + r D( x , t )  + r A( x , t )
Thus b o th  U and N-,^ a r e  s im p le  f u n c t i o n s  o f  n  and  p ,  and mayLiti
be  r e a d i l y  c a l c u l a t e d  g iv e n  as  d a t a  t h e  f o u r  c a p tu r e  c r o s s  s e c t i o n s . , t h e  
f o u r  e m is s io n  r a t e s ,  and  t h e  t o t a l  num ber o f  t r a p s  N^. S u g g e s te d  
n u m e r i c a l  v a lu e s  a r e  g iv e n  in  A ppendix  A 3 .2 .
2 .6  A p p ro x im a t io n s  and a s su m p t io n s
To c o n c lu d e  t h i s  c h a p t e r  we g iv e  a summary o f  t h e  v a r i o u s  
a p p ro x im a t io n s  and a s s u m p t io n s ,  m o s t ly  m e n t io n e d  a l r e a d y ,  w h ich  a r e  
i n c lu d e d  in  th e  b a s i c  m odel.
 I ______ One d im en s io n  C u r r e n t  c row ding  and s p r e a d i n g  e f f e c t s  a r e
ig n o r e d .  When s tu d y i n g  fu n d a m e n ta l  o p e r a t i o n  t h i s  does  n o t  m a t t e r  b u t  
g r e a t  c a r e  must b e  t a k e n  i f  one a t t e m p t s  t o  compare p r e d i c t i o n  w i th  
m easu rem en t.
I  I _____ Boundary c o n d i t i o n s  At t h e  ohmic e m i t t e r  and c o l l e c t o r  c o n t a c t s
i t  i s  assumed t h a t  c h a rg e  n e u t r a l i t y  and e q u i l i b r i u m  a r e  p r e s e n t .  The 
b a s e  b o u n d a ry  c o n d i t i o n  i s  a  o n e -d im e n s io n a l  m a th e m a t ic a l  d i s c o n t i n u i t y  
in  h o l e  c u r r e n t ,  w i t h  o b v io u s  l i m i t a t i o n s .  The f i x i n g  o f  t h i s  p o i n t  and 
t h e r e f o r e  t h e  p o t e n t i a l  r e f e r e n c e  assum es a f a i r l y  f l a t  Ferm i p o t e n t i a l  
f o r  h o l e s  a c r o s s  t h e  b a s e .  F o r  l a r g e  t r a n s i e n t s  w i t h  s u b s t a n t i a l  b a s e  
c u r r e n t s  th is ,  a s su m p tio n  becomes l e s s  v a l i d .
I I I  No d e g e n e ra c y  E m i t t e r s  a r e  doped h i g h l y  enough f o r  d e g e n e ra c y  
t o  o c c u r ,  b u t  i t s  e f f e c t s  on t h e  o p e r a t i o n  o f  th e  m ain  p a r t  o f  t h e  
d e v ic e  s h o u ld  be  s m a l l .
IV No a v a la n c h in g  o r  breakdow n Very h ig h  e l e c t r i c  f i e l d s  in  t h e  
model w i l l  be  t r e a t e d  n o r m a l ly ,  a l t h o u g h  breakdow n m ig h t  o c c u r  i n  
p r a c t i c e .
 V_______E i n s t e i n ’ s R e l a t i o n  The r e l a t i o n  be tw een  d i f f u s i o n  c o n s t a n t  and
c a r r i e r  m o b i l i t y  i s  a  r e s u l t  o f  B oltzm ann s t a t i s t i c s ,  w h ich  s h o u ld  be 
g e n e r a l l y  a p p l i c a b l e ,  a p a r t  f rom  some d o u b ts  a b o u t  t h e  e m i t t e r  m e n t io n e d  
e a r l i e r .  However t h e  t e m p e r a tu r e  in v o lv e d  s h o u ld  be  t h e  c a r r i e r  
t e m p e r a t u r e ,  and n o t ,  as  i s  assum ed , t h e  l a t t i c e  t e m p e r a t u r e .  Where 
c a r r i e r s  a r e  n o t  i n  e q u i l i b r i u m  w i t h  t h e  l a t t i c e  t h i s  w ould  a f f e c t  t h e  
d i f f u s i o n  c u r r e n t s .  F o r t u n a t e l y  t h i s  i s  most im p o r ta n t  in  j u n c t i o n s ,  
w here  d r i f t  c u r r e n t  n o r m a l ly  d o m in a te s .
VI No t h e r m o e l e c t r i c  e f f e c t s  o r  t h e r m a l  t r a n s p o r t  In  t h e  j u n c t i o n s  
t h e r e  may be  s t r o n g  f i e l d  v a r i a t i o n s .  T h e re  m ust f o l l o w  g r a d i e n t s  i n  
c a r r i e r  t e m p e r a tu r e  and t h e r e f o r e  t r a n s p o r t  o f  h e a t .  C a r r i e r  t e m p e r a t u r e  
g r a d i e n t  m ust a l s o  im p ly  two more com ponents i n  t h e  c u r r e n t  t r a n s p o r t  
e q u a t i o n s .
V II  Doping p r o f i l e s  The a s su m p t io n s  a r e  a)  t h a t  d o n o rs  a r e  f u l l y  
i o n i s e d  and t h e i r  p r o f i l e  i s  known, and b )  t h a t  e i t h e r  we know e i t h e r  
t h e  i o n i s e d  a c c e p t o r  p r o f i l e  o r  t h e  t o t a l  p r o f i l e  and may c a l c u l a t e  
th e  d e g re e  o f  i o n i s a t i o n  p r e s e n t .
V I I I  S c a t t e r i n g  phenomena C a r r i e r  m o b i l i t i e s  a r e  l i m i t e d  by  i n t e r a c t i o n  
w i th  l a t t i c e  atoms and i o n i s e d  i m p u r i t i e s .  A f a i r l y  s o p h i s t i c a t e d
model i s  u sed  w here  t h e  c a r r i e r  t e m p e r a t u r e  i s  a  f u n c t i o n  o f  t h e  power 
s u p p l i e d  r a t h e r  th a n  th e  more commonly u se d  e l e c t r i c  f i e l d .  A p a r t  from  
t h i s  a l l  o t h e r  s c a t t e r i n g  phenomena a r e  i g n o r e d .
IX. R eco m b in a tio n  Model One o f  two s im p le  r e c o m b in a t io n  m odels  i s  
u s e d .  The S h o ck ley -R ead  model i s  v e ry  b a s i c  and i s  commonly u se d  in  
m o d e l l in g  w ork . A more a c c u r a t e  model i s  u se d  w here  r e c o m b in a t io n  i s  
assum ed t o  be  due t o  2 - l e v e l  t r a p p i n g  by  some i m p u r i t y  such  as g o ld .  
The i m p u r i t y  i s  d i s t r i b u t e d  e v e n ly  t h r o u g h o u t  t h e  t r a n s i s t o r .
3 . SOLUTION OF POISSON'S EQUATION
In  th e  f o l l o w in g  two c h a p t e r s  we s h a l l  be  c o n s i d e r i n g  two 
a l t e r n a t i v e  a p p ro a c h e s  t o  s o l v i n g  t h e  c a r r i e r  t r a n s p o r t  e q u a t i o n s .
The n u m e r i c a l  a n a l y s i s  o f  P o i s s o n ’s e q u a t i o n  and i t s  im p le m e n ta t io n  
i s  common t o  b o th  a p p ro a c h e s ,  how ever ,  and w i l l  be  d e a l t  w i t h  f i r s t .
P o i s s o n ' s  e q u a t i o n  i n  t h e  n o r m a l i s e d  u n i t s  r e f e r r e d  t o  i n  
c h a p t e r  2  i s
< * •«  -  -  p ( x , t )
ax
= n ( x , t )  -  p ( x , t )  ~ N(x) . . . ( 3 . 1 )
w here  N i s  t h e  n e t  i m p u r i t y  s p a c e  c h a r g e .
As w i l l  b e  s e en  in  s u b s e q u e n t  c h a p t e r s ,  we s h a l l  b e  c o n c e rn e d  
w i th  s o l v i n g  t h i s  e q u a t i o n  i t e r a t i v e l y  i n  a l t e r n a t i o n  w i t h  s o l u t i o n s  
o f  t h e  t r a n s p o r t  e q u a t i o n s  a t  e a ch  p o i n t  i n  t im e .  W ith  r e s p e c t  t o  an 
i t e r a t i o n  in d e x  m, we may s t a t e  t h e  p ro b le m  as  r e q u i r i n g  t o  s o lv e  a t  a 
g iv e n  p o i n t  i n  t im e .
. 2  . m+ 1d l   m m „— jr = n  ~ p -  N
dx
= - p m. . . . ( 3 . 2 )
The v a lu e s  s u p e r s c r i p t e d  m a r e  known from  t h e  p r e v i o u s
i t e r a t i o n  w h i l e  t h e  v a lu e s  m+1 a r e  unknown. We s h a l l  u s e  an i n v a r i a n t
N(x) w h ich  i m p l i e s  co m p le te  i o n i s a t i o n  ( s e e  s e c t i o n  2 .2 )  b u t  t o  i n c l u d e
th e  p a r t i a l  i o n i s a t i o n  te rm s  w here  N i s  a  f u n c t i o n  o f  p w ou ld  a f f o r d  no
r e a l  d i f f i c u l t y  a p a r t  from  m aking t h e  e q u a t i o n s  more cumbersome.
(1)In  Gummel's o r i g i n a l  p a p e r  , he  u se d  as  v a r i a b l e s  t h e  
q u a s i - F e r m i  p o t e n t i a l s  <J>n and (J) i n s t e a d  o f  n  and p .  E q u a t io n  ( 3 .1 )  
th e n  becomes
, 2  , ijj-d) 6  -  \bd l  v yn  vp Y ..— x. = e -  e -  N
dx
and th e  i t e r a t i v e  v e r s i o n  may b e  w r i t t e n
I t  i s  n o t  s t r i c t l y  n o t a t i o n a l l y  c o r r e c t  t o  c a l l  t h e  R .H .S . o f  the .  
m+ 1e q u a t i o n  = -p  b u t  i t  p r o v id e s  a  c o n v e n ie n t  s h o r t h a n d .
In  o r d e r  t o  s o lv e  t h e  i t e r a t i v e  e q u a t i o n s  ( 3 .2 )  o r  ( 3 .3 )  
i t  i s  f i r s t  n e c e s s a r y  t o  r e p l a c e  t h e  d i f f e r e n t i a l  by  f i n i t e  d i f f e r e n c e s .  
We c o n s i d e r  a  s p a t i a l  mesh s u p e r im p o se d  on th e  p ro b lem  w i t h  no d es  a t  
th e  p o i n t s  xo ,x ^ ,X 2 » • • • •  x ^ .  U s ing  n o rm a l  2 n d - o r d e r  d i f f e r e n c e s ,  ( 3 .2 )  
becomes
+ i+ i  "  * i  "  h - i
x . - -  x .  x . -  x .  ,
1 + 1  1 1  1 - 1
m+ 1
m
x .  . , -  x .  -I 
1+1 1-1
(n .  -  p . -  N .)  
i  * i  i
o r
a .. \b. - + b .  ij;. + c • i|>. , = d. i  = 1 , 2 ,   , M -l.l  r i - l  l  Yi  i  Yi + 1  l  * 5 *
where t h e  c o e f f i c i e n t s  a , b , c , d  a r e  a l l  known from  t h e  p r e v i o u s  i t e r a t i o n .
In  p r i n c i p l e  t h i s  s e t  o f  l i n e a r  e q u a t i o n s  may be  s o lv e d  d i r e c t l y  f o r  t h e
unknowns ib..
i
When e q u a t i o n  ( 3 .3 )  i s  t r e a t e d  s i m i l a r l y ,  t h e  r i g h t  hand  s i d e
c o n ta i n s  e x p o n e n t i a l s  o f  The r e s u l t i n g  s e t  o f  n o n - l i n e a r
e q u a t i o n s  may n o t  b e  s o lv e d  d i r e c t l y .  Gummel! s a p p ro a c h  e n t a i l s
l i n e a r i s i n g  t h e s e  e q u a t i o n s  in  te rm s  o f  changes  i n  and i t e r a t i n g
u n t i l  t h e s e  changes  c o n v e rg e  t o  z e r o .  T h is  a p p ro a c h  was a l s o  a d o p te d  
(2 )by de Mari d e s p i t e  t h e  f a c t  t h a t  he  u se d  as  v a r i a b l e s  n , p  and  \{j .
He c la im e d  t h a t  i t  was more c o n v e n ie n t  t o  l i n e a r i s e  and i t e r a t e  a l t h o u g h  
t h i s  i s  n o t  a p p a r e n t .  In  f a c t  t h e  r e a l  r e a s o n  f o r  u s in g  a l i n e a r i s i n g  
a p p ro ach  w here  t h e  c h o ic e  o f  v a r i a b l e s  does n o t  r e q u i r e  i t  i s  t h a t  t h e  
d i r e c t  s o l u t i o n  o f  ( 3 .2 )  p ro v e s  u n s a t i s f a c t o r y .  When a p p l i e d  r e p e a t e d l y  
i n  an i t e r a t i v e  schem e, n u m e r i c a l  p ro b lem s  a r i s e  w h ich  make t h e  p r o c e s s  
u n s t a b l e .  No fo rm a l  e x a m in a t io n  o f  t h i s  h a s  b e e n  made, b u t  we found  we 
c o u ld  n o t  h a n d le  t h e  num bers i n v o lv e d  on t h e  c o m p u te r ,  and r e p e a t e d l y  
g e n e r a te d  o v e r f lo w .  The l i n e a r i s e d  t e c h n i q u e  on t h e  o t h e r  han d  was v e r y  
s a t i s f a c t o r y .
We d e v e lo p  th e  e q u a t i o n s  w i t h  a l i t t l e  more g e n e r a l i t y  t h a n  t h e  
p r e v i o u s l y  m e n t io n e d  p a p e r s .  Take a w e ig h te d  mean o f  (3.*2) and  ( 3 . 3 ) :
m+1
dx2
r m+ 1  mfp + ( l - f ) p . . . ( 3 . 4 )
w here f  i s  a  s c a l a r  f a c t o r ,  0 ^ 1 .
We may l i n e a r i s e  t h i s  e q u a t io n  in  6 , t h e  change r e q u i r e d  
t o  c o n v e r t  t h e  v a lu e  o f  i{; i n t o  t h e  c o r r e c t  v a l u e .  Thus we make th e  
s u b s t i t u t i o n  f o r  if/m+^= + 6 on t h e  LHS and u se  a T a y lo r  e x p a n s io n
on t h e  RHS.
(<l>m + &) =
dx
-  > ( ( l - f ) p m + f pm + 6 (ff)m + 0 (s2)
• ) ^  r  p /  m= -  IP -  f6 (n + p ) . . . ( 3 . 5 )
w here  t h e  d i f f e r e n t i a t i o n  o f  p w . r . t .  ^ h a s  b e e n  c a r r i e d  o u t  by  c o n v e r t i n g  
t o  q u a s i - F e rm i  p o t e n t i a l s  and o n ly  f i r s t  o r d e r  te rm s  r e t a i n e d .  We s h a l l  
se e  in  a moment t h a t  n e g l e c t i n g  h i g h e r  o r d e r  te rm s  i n t r o d u c e s  no  e r r o r .
Given n,p,i{i we now have  t o  s o lv e  t h e  f o l l o w i n g  e q u a t i o n  f o r  6 .
2 2
iLA + lO i. -  {n -  p -  N + f  5 (n+p) } 
dx dx
. . . ( 3 . 6 )
We c o n v e r t  t h e  d i f f e r e n t i a l  e q u a t i o n  ( 3 .6 )  i n t o  a  s e t  o f  f i n i t e  d i f f e r e n c e  
e q u a t i o n s  d e f i n e d  on a s p a t i a l  mesh, s i t u a t e d  a t  p o i n t s  . . . , X £ _ ^ ,  x ^ ,
x . . . . . .i + l
I n t e g r a t e  ( 3 .6 )  from  x ^  t o  x i + j . ( x i + l  = (x £ + x i + i^
dx
i+£
d 6
dx
i - l
dip
dx
djp
dx
1 + 5 i-?.
x * , i■ i+ J  ■
n  -  p -  N + f 6 (n+ p )]  dx
. . . ( 3 . 7 )
x .
We now make t h e  a p p ro x im a t io n  t h a t  and 6 v a ry  l i n e a r l y  o v e r  a  mesh. 
Then th e  d i f f e r e n t i a l s  o f  ( 3 .7 )  may b e  r e p l a c e d  by f i n i t e  d i f f e r e n c e s .
x .  , ii + |
6 . -  -  6 . i + l  i
x . - -  x. i + l  l
6 . - 6 . . .l  i - l  , Yi + 1  r i  _ r i  r i - l'    T ' ' r 1 "»-T -
x . -  x . , 
1 1-1
X. , - -  x.  1+1 1 x i  -  x i - l
x
i - r
F ( x )d x  
. . . ( 3 . 8 )
The i n t e g r a l  on t h e  RHS may b e  computed in  s e v e r a l  w ays .  We 
have c o n s id e r e d  o n ly  3 - p o i n t  fo rm u la e  u s in g  F^ (= F ( x ^ ) )  and t h e  p o i n t s  
im m e d ia te ly  t o  e i t h e r  s i d e  o f  F^ . We may w r i t e  f o r  a  g e n e r a l  3 - p o i n t
form ula
x.
F (x )  dx = w. 1 F . , + w .F .  + w • , -j F .^ t  i - l  i - l  i  l  i + l  i + l ( 3 .9 )
x . , l - J
w here  t h e  w 's  a r e  w e ig h te d  c o e f f i c i e n t s  ( s e c t i o n  3 . 2 ) .  Each o f  t h e  
v a lu e s  o f  F u se d  c o n t a i n s  a  l i n e a r  c o n t r i b u t i o n  to  t h e  e q u i v a l e n t  
unknown 6 ^ .  E q u a t io n s  ( 3 .8 )  may th e n  be  r e a r r a n g e d  a s  a  s e t  o f  
s im u la n e o u s  l i n e a r  e q u a t i o n s  i n  6 o f  t h e  form
A. 6 . - + B. 6 . + C. 6 . . = D.l  i - l  l i  l  i + l  l . . . ( 3 . 1 0 )
w here  t h e  c o e f f i c i e n t s  a r e  d e r i v e d  from  t h e  above fo rm u la e  (and  a r e  
g iv e n  i n  f u l l  i n  Appendix  A 2 .1 ) .
S o l u t i o n  o f  t h i s  s e t  o f  l i n e a r  e q u a t i o n s  y i e l d s  6 , t h e  l i n e a r
c o r r e c t i o n  t o  b e  a p p l i e d  t o  T h is  r e s u l t  does n o t  o f  c o u r s e  g iv e
m+ 1t h e  t r u e  v a lu e  o f  ip b u t  o n ly  a f i r s t  a p p ro x im a t io n  t o  i t .  C a l l  t h i s  
v a lu e  . We may a p p ly  e x a c t l y  t h e  same l i n e a r i s i n g  t e c h n i q u e
to  t h i s  new v a lu e  and c a l c u l a t e  a n o t h e r  change 6 t o  g iv e  a b e t t e r  v a lu e  
o f  + 6 . In  t h i s  c a s e  ( 3 .5 )  becomes
dxz
f \ J m + l ( l )  / in , mN \
6 ) = - i p  v / - f 6 (n + p ) >
m+ 1w h e re ,  rem em bering  t h e  d e f i n i t i o n  o f  p i n  ( 3 .3 )
,m + l( l )  . m m ,m + l( l )
-./IN ^ 9 9 “ if'm+ 1  ( 1 ) n vp yp = e  - e  -  N
and i s  t h e r e f o r e  known. A gain t h e  new v a lu e  o b t a i n e d  i s  u se d  as  a  
s t a r t i n g  p o i n t  f o r  l i n e a r i s a t i o n  and t h e  p r o c e s s  c o n t i n u e d ,  u n t i l  
t h e  c o r r e c t i o n s  6 a r e  c o n s id e r e d  s u f f i c i e n t l y  s m a l l .
I f  we l a b e l  t h i s  i n n e r  i t e r a t i o n  lo o p  f o r  <5 w i t h  t h e  i n d e x  
s ,  t h e  above may be  sum m arised  by w r i t i n g  e q u a t i o n  ( 3 .5 )  in  t h e  f o l l o w i n g  
manner
dx
pm + l ( s ) .  * 1  f m + l( s )  , m . mN \  /o i t \ifj '+  6 = -  *< p f 6 (n + p ) f . . . ( 3 . 1 1 )
, r ,m + l( s+ l )  ,m + l(s )w here  o =
,m + l(0 ) m
f o r  t h e  f i r s t  i t e r a t i o n )
To su m m a rise ,  t h e  m ethod c o n s i s t s  o f  l i n e a r i s i n g  t h e  
e q u a t i o n s  a b o u t  a  change in  t h e  p o t e n t i a l  ip and s o l v i n g  f o r  t h i s  
change 5. 6 may th e n  be  added  t o  t h e  v a lu e  o f  p o t e n t i a l  ip and a
f u r t h e r  l i n e a r  c o r r e c t i o n  c a l c u l a t e d ,  and so on , u n t i l  6 goes to  
z e r o .  ( F ig u r e  3 . 1 ) .
Note t h a t  i n  t h i s  i t e r a t i o n  schem e, as  t h e  c o r r e c t i o n s  t o  
ip become s m a l l e r  and s m a l l e r ,  t h e  l i n e a r  a p p ro x im a t io n  ( 3 .5 )  becomes 
b e t t e r  and b e t t e r ,  and i n  t h e  l i m i t  a s  6 t e n d s  t o  z e ro  becomes e x a c t .  
T here  i s  no  p o i n t ,  how ever ,  i n  s o l v i n g  f o r  6 t o  such  a h ig h  d e g re e  o f  
a c c u r a c y  as  t h i s .  The p r o c e s s  i s  p a r t  o f  a n o th e r  i t e r a t i o n  lo o p  f o r  
n and p and i t  seems u n r e a s o n a b le  to  s o lv e  f o r  a v e ry  a c c u r a t e  ip t o  
c o r r e s p o n d  t o  as  y e t  i n a c c u r a t e  v a lu e s  o f  c a r r i e r  c o n c e n t r a t i o n s .  A 
s m a l l  number o f  c o r r e c t i o n s  t o  ip i s  p r o b a b ly  s u f f i c i e n t  so  t h a t  ^ and 
n and p co n v e rg e  a t  a b o u t  t h e  same r a t e .  The p r e v i o u s l y  m en t io n e d  
p a p e rs  b o th  made many c o r r e c t i o n s  t o  \p a t  e a c h  s t a g e .  A l th o u g h  no 
e x h a u s t i v e  t e s t s  have  b een  c a r r i e d  o u t  we f i n d  in  p r a c t i c e  t h a t  i n  t h e  
i n t e g r a l  a p p ro a c h  t o  be  d e s c r i b e d  t h e  number o f  c o r r e c t i o n s  made i s  
u s u a l l y  b a la n c e d  by a c o r r e s p o n d in g  change in  t h e  num ber o f  o u t e r  
i t e r a t i o n  lo o p s  r e q u i r e d  f o r  c o n v e rg e n c e .  In  t h e  d i f f e r e n t i a l  a p p ro a c h  
th e  number o f  o u t e r  lo o p s  rem a in s  e s s e n t i a l l y  c o n s t a n t  i r r e s p e c t i v e  
o f  how many c o r r e c t i o n s  to  ip a r e  made, e x c e p t  p e rh a p s  a t  v e ry  h i g h  
c u r r e n t  d e n s i t i e s .  Under t h e s e  c o n d i t i o n s  a  s i n g l e  c o r r e c t i o n  p e r  
o u t e r  i t e r a t i o n  lo o p  i s  t h e r e f o r e  most e f f i c i e n t .
The above a p p l i e s  w i t h  f  = 1 w h ich  c o r r e s p o n d s  t o  t h e  m ethod 
used  by Gummel and de M a ri .  We know t h a t  t h e  c a se  f  = 0 ( d i r e c t  
s o l u t i o n )  i s  u n s t a b l e  b u t  v a lu e s  in  b e tw een  have  n o t  b e e n  exam ined .
An optimum v a lu e  l e s s  t h a n  1 may e x is t - .
3 .1  S o l u t i o n  o f  t h e  t r i d i a g o n a l  m a t r i x  sy s te m
The e q u a t i o n s  o f  (3 .1 0 )  a r e  e q u i v a l e n t  to  a m a t r i x  e q u a t i o n  
M i  = d , w here  t h e  m a t r i x  M h a s  e n t r i e s  o n ly  down t h e  main d i a g o n a l  
and a c o - d i a g o n a l  e i t h e r  s i d e  o f  i t .  An e x t r e m e ly  f a s t  and s im p le  
a l g o r i t h m  may be d e r i v e d  f o r  s o l v i n g  such  a s e t  o f  e q u a t i o n s .
C o n s id e r  t h e  s e t  o f  e q u a t i o n s
A. x . - + B. x . + C .x .  , = D. ( i  = 1 , 2 , . . . . ,  n ~ l )  . . . ( 3 . 1 2 )l  i - l  1 1  l  i + l  i
g iv en  th e  b o u n d a ry  v a lu e s  xq and  x ^ .  The m ethod c o n s i s t s  o f  e l i m i n a t i n g
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x^_-^ from  e a c h  e q u a t i o n .  L e t  us sup p o se  t h a t  t h i s  h a s  been  a c h ie v e d  
f o r  a l l  e q u a t i o n s  up t o  i - l  and t h e  p r e v i o u s  e q u a t io n  i s  now
x .  . + E. - x .  = F. . i - l  i - l  1  i - l
S u b s t i t u t i o n  in  (3 .1 2 )  g iv e s
A .(F .  1 — E • , x . )  + B. x . + C -x . . * D.i v i - l  i - l  2/  l i  l  i + l  i
o r
C. D. -  A .F . .l  l  l  i - l
Xi  + B. -  A.E. i Xi+1  B. -  A .E . ,l  l  i - l  l  l  i - l
w hich  we now w r i t e
so t h a t
x . + E. x . , = F.l  l  i + l  i
C. D. -  A .F . -
Ei  -  fc.--- i-.ETY 311(1 Fi °  B . - A . E . '1 1 1 -1  1 1 1 -1
T h is  s im p le  r e c u r s i v e  f o r m u la t io n  g iv e s  a  fo rw a rd  e l i m i n a t i o n  and 
backw ard  s u b s t i t u t i o n  schem e. E x a m in a t io n  o f  t h e  f i r s t  and l a s t  e q u a t i o n s  
g iv e s  t h e  b o u n d a ry  c o n d i t i o n s :
becomes
whence
l x 0 + B^x^ + Cl x2 ■ Di
1 + = F1
1
c i  .xr~ and 
Bi
IIr—t
D1 ■ Al x 0 
B1
A f t e r  t h e  fo rw ard  e l i m i n a t i o n  h a s  b een  c o m p le ted  t h e  l a s t  e q u a t i o n  i s
x . + E t X = F -  n -1  n - 1  n  n -1
w hich  s i n c e  x^ i s  known g iv e s  im m e d ia te ly .  The p r e v i o u s  e q u a t i o n
g iv e s  a n d so  on b ack  t o  x^ . T h is  i s  a  v e r y  s im p le  exam ple  o f
G au ss ian  e l i m i n a t i o n  f o r  t h e  s o l u t i o n  o f  a s e t  o f  s im u l ta n e o u s  e q u a t i o n s . 
A p a r t  from  t h e  v e ry  f a s t  n a t u r e  o f  t h i s  s o l u t i o n ,  i t  h a s  t h e  a d v a n ta g e  
o f  r e q u i r i n g  l i t t l e  com pute r  s t o r a g e .  A p a r t  from t h e  c o e f f i c i e n t s  
A,B,C,D ( i . e .  4n s t o r a g e  l o c a t i o n s )  o n ly  two a u x i l i a r y  v a r i a b l e s  E and 
F a r e  r e q u i r e d  (a  f u r t h e r  2n l o c a t i o n s ) . In  m a t r i x  te rm s  E r e p r e s e n t s  
t h e  c o - d i a g o n a l  o f  t h e  m a t r i x  form ed when M i s  u p p e r  t r i a n g u l a t e d ,  t h e  
main d i a g o n a l  b e in g  u n i t y  and a l l  o t h e r  e n t r i e s  z e r o .  The v e c t o r  F 
i s  t h e  m o d i f ie d  v a lu e  o f  b i n  t h i s  c a s e .
3 .2  3 -p o in t  I n te g r a t io n  Formulae
Methods c o n s id e r e d  f o r  t h e  e v a l u a t i o n  o f  t h e  i n t e g r a l  o f
( 3 .8 )  a r e  sum m arised  in  f i g u r e  3 .2 .
The f i r s t  o r d e r  fo rm u la ,  w hich  we c a l l  th e  c e n t r a l  v a lu e
a p p ro x im a t io n  s im p ly  assum es F (x )  c o n s t a n t  o v e r  t h e  r e g i o n  o f  i n t e r e s t .
The p a r a b o l i c  a p p ro x im a t io n  shown i s  a  s e c o n d - o r d e r  a p p ro x im a t io n .
Here a q u a d r a t i c  e x p r e s s i o n  i s  f i t t e d  t o  t h e  3 known p o i n t s .  The v a lu e
o f  th e  i n t e g r a l  i s  th e n  known a l g e b r a i c a l l y .  The t h i r d  m ethod i s  a
p i e c e w is e  l i n e a r  a p p ro x im a t io n  w here  F (x )  i s  assumed t o  b e  l i n e a r
a c r o s s  e ach  mesh, and i s  e q u i v a l e n t  t o  a  t r a p e z o i d a l  r u l e .
We e x p r e s s  t h e  i n t e g r a l  as a  g e n e r a l  3 - p o in t  f o rm u la .
x . ■ 
i+£.
F ( x )d x  = w. . F. - + w. F. + w. , F. ... . . . ( 3 . 1 4 )i - l  i - l  l  l  i + l  i + l
A i_ l  .1 2
th e n  th e  v a lu e s  o f  t h e  w e ig h ts  w f o r  each  a p p ro x im a t io n  a r e  r e a d i l y  
c a l c u l a t e d  and a r e  g iv en  i n  T a b le  3 . 1 .
To g iv e  some i n d i c a t i o n  o f  t h e  r e l a t i v e  m e r i t s  o f  t h e s e
— y ^
fo rm u la  t h e  f u n c t i o n  xe was exam ined . T h is  h a s  b e e n  shown t o  be  a
/ 16 n
good a p p ro x im a t io n  t o  t h e  s p a c e  c h a rg e  in  a  p -n  j u n c t i o n  and i s  
r e a d i l y  i n t e g r a t e d .  The r e s u l t s  a r e  shown i n  f i g u r e  3 .3 .  We have  
c o n s id e r e d  f o r  s i m p l i c i t y  a s p a t i a l  d i s t r i b u t i o n  o f  p o i n t s  on a u n i fo rm  
m esh, and a = 1 was found  t o  g iv e  r o u g h ly  t h e  number o f  p o i n t s  one 
would e x p e c t  t o  u se  in  a  j u n c t i o n  when a n a l y s i n g  a t r a n s i s t o r .  Thus 
we have  c o n s id e r e d  th e  i n t e g r a l s
1 .5  r2 .5
xe X dx ,
0 .5  1 .5
xe x dx , e t c .
The e x a c t  a n a l y t i c a l  v a lu e s  a r e  shown in  t h e  f i g u r e ,  a lo n g  w i t h  t h e  
e r r o r s  i n  th e  above m en t io n e d  f o rm u la e .  In  f a c t  t h e  a b s o l u t e  v a lu e s  
o f  t h e  e r r o r s  a r e  p l o t t e d ,  w i t h  t h e  p o l a r i t y  b e i n g  i n d i c a t e d  t h u s :  
x -  p o s i t i v e  v a l u e ,  o -  n e g a t i v e  v a l u e .  We s e e  from  t h i s  f i g u r e  t h a t  
f o r  t h i s  p a r t i c u l a r  c a se  t h e  t r a p e z o i d a l  fo rm u la  i s  n o t  v e r y  good , g i v i n g  
e r r o r s  o f  a b o u t  10%. The s im p le  c e n t r a l  v a lu e  fo rm u la  i s  g e n e r a l l y  
a b o u t  tw ic e  as good as t h i s ,  b u t  t h e  p a r a b o l i c  fo rm u la  i s  c o n s i d e r a b l y  
b e t t e r  th a n  e i t h e r .  N ote  t h a t  a l l  o f  t h e s e  fo rm u la e  a r e  sy m m e tr ic  and 
th u s  g iv e  no e r r o r  a t  x  = 0 ,  even f o r  n o n - z e r o  f u n c t i o n s .
-  27 -
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T h is  i s  one s im p l e ,  a l th o u g h  r e a l i s t i c ,  ex a m p le ,  and 
c a r e  s h o u ld  be t a k e n  when e x te n d i n g  t h e  r e s u l t s .  However, t h e y  do 
s u g g e s t  t h a t  t h e  b e s t  b a l a n c e  be tw een  a c c u r a c y  and c om pu ting  sp e ed  
can be  o b t a i n e d  u s in g  e i t h e r  t h e  s im p le  f i r s t  o r d e r  fo rm u la  o r  by 
f i t t i n g  a q u a d r a t i c  c u rv e  t o  t h e  f u n c t i o n .
4 . INTEGRAL APPROACH TO SOLVING CARRIER EQUATIONS
The p r e v i o u s  c h a p t e r  d e s c r i b e d  how P o i s s o n ’ s e q u a t i o n  
c o u ld  be  t a c k l e d  as  a  n u m e r i c a l  p ro b le m  t o  s o lv e  f o r  t h e  e l e c t r o s t a t i c  
p o t e n t i a l  if* i n  te rm s  o f  t h e  e l e c t r o n  and h o l e  c o n c e n t r a t i o n s  n  and p . 
The com plem en tary  p ro b le m  c o n s i s t s  o f  c o n v e r t i n g  th e  c o n t i n u i t y  and 
t r a n s p o r t  e q u a t i o n s  i n t o  a  form  w h ich  can b e  u se d  to  g iv e  n  and p i n  
te rm s  o f  ip. F o l lo w in g  t h e  g e n e r a l  a p p ro a c h  o f  G u m m e l^  and de M a r i ^  
t h i s  was t a c k l e d  i n  t h e  f i r s t  i n s t a n c e  i n  an i n t e g r a l  e q u a t i o n  m anne r ,  
p r i m a r i l y  t o  s o lv e  t h e  s t e a d y  s t a t e  p ro b le m . The p o s s i b i l i t y  o f  
b u i l d i n g  a t r a n s i e n t  a n a l y s i s  sy s te m  a ro u n d  t h i s  was s t u d i e d  b e f o r e  
moving on t o  t h e  f i n i t e  d i f f e r e n c e  a p p ro a c h  (w hich  i s  e s s e n t i a l l y  o n ly  
a d i f f e r e n t  f o r m u la t io n  o f  t h e  i n t e g r a l  m ethod) d e s c r i b e d  i n  c h a p t e r  5 .
4 .1  Developm ent o f  t h e  E q u a t io n s
In  c h a p t e r  2 we had  th e  n o r m a l i s e d  form  o f  t h e  c u r r e n t  
t r a n s p o r t  e q u a t i o n s
V - ' - v ^ b y  {■<*•«> S  f t ' , )  -  f t  • • • « • ' >  
V * ' * '  ■ - u h r  { f t * 1 ' ”  -  f t
w here  and a r e  t h e  c u r r e n t  com ponents c a r r i e d  b y  e l e c t r o n s  and
h o l e s  r e s p e c t i v e l y .  F o r  t h e  sa k e  o f  c o n v e n ie n c e  i n  d e v e lo p in g  t h e s e
e q u a t i o n s  we u se  and y ^ ,  t h e  r e c i p r o c a l s  o f  t h e  c a r r i e r  m o b i l i t i e s
y and y . n p
We a l s o  h av e  t h e  c o n t i n u i t y  e q u a t i o n s
where  U p ( x , t )  and Un ( x , t )  a r e  f u n c t i o n s  r e p r e s e n t i n g  t h e  g e n e r a t i o n  and
r e c o m b in a t io n  o f  c a r r i e r s  t h r o u g h o u t  t h e  d e v ic e .  F o r  c o n v e n ie n c e  we
have  i n t r o d u c e d  t h e  f u n c t i o n s  R and R w hich  r e p r e s e n t  t h e  sum o f  Up n  ■
and th e  c a r r i e r  d i s p l a c e m e n t  t e rm s .
The e q u a t i o n s  in  n  and p a r e  d e v e lo p e d  in  a  s i m i l a r  m anner 
e x c e p t  t h a t  a s  a  r e s u l t  o f  t h e  b o u n d a ry  c o n d i t i o n s  d e s c r i b e d  in  s e c t i o n  
2 . 3  t h e  p - e q u a t i o n s  a r e  s o lv e d  s e p a r a t e l y  f o r  t h e  two p a r t s  o f  t h e  
t r a n s i s t o r  d i v i d e d  by th e  b a s e  c o n t a c t  p o i n t .
A .1 .1  The n - e q u a t i o n s
The t r a n s p o r t  e q u a t i o n  ( 4 .1 )  may b e  i n t e g r a t e d  d i r e c t l y  in  
x by u se  o f  an i n t e g r a t i n g  f a c t o r .  I f  t h e  te rm s  a r e  r e a r r a n g e d  and 
m u l t i p l i e d  th ro u g h  by  e ^ x , t  ^ we g e t
, n | , ( x , t )  | n ( x , t )  .  n e - < K x , t )  = _ Y_ ( x > t )  J _ ( x > t ) e - ' K * . t )
o X  OX n n
which may be i n t e g r a t e d  d i r e c t l y  t o  g iv e
Y „ ( x , t )  J - ( x , t )  e dx + c o n s t a n t  ( t )
. . . ( 4 . 5 )
n n
The ’ c o n s t a n t ’ i s  a  c o n s t a n t  in  x and may o f  c o u r s e  b e  an a r b i t r a r y  
f u n c t i o n  o f  t .  W r i t in g  ( 4 .5 )  i n  t h e  d e f i n i t e  form  g iv e s
n ( x , t ) e _^ ( x , t )  = Y ( v , t )  Jn ( v , t ) e  ’^ v , t ^dv + c ( t )
. . . ( 4 . 6 )
w i t h  v as  t h e  v a r i a b l e  o f  i n t e g r a t i o n  in  d i s t a n c e ,  and L an a r b i t r a r y  
p o i n t  w hich  may be  f o r  example t h e  c o l l e c t o r  c o n t a c t  ( i t  a lm o s t  a lw ays  
w i l l  be  t h i s  p o i n t ) .  E v a l u a t io n  o f (4 .6 )  a t  x  = L g iv e s
: ( t )  = n ( L , t )  e and t h e r e f o r e
n ( x ,  t )  = Y ( v , t )  J  ( v , t ) e ' ,' ( x ’ t )  "  +^v *t >dw ♦ » t t , t ) . * ( X l t )  "  ’K L , t )
11 . . . ( 4 . 7 )
I t  th e n  rem a in s  t o  s o lv e  f o r  Jn  from  t h e  c o n t i n u i t y  e q u a t i o n  and i n s e r t
t h e  s o l u t i o n  in  ( 4 . 7 ) .  I n t e g r a t i o n  o f  ( 4 ,3 )  g iv e s
J  ( x , t )  = -  n  ’
o r  in  t h e  d e f i n i t e  form
Jn ( x , t )  =
Rn ( x , t )  + c o n s t a n t  ( t )
rL
R ( v , t )  dv + K ( t )  n n . . . ( 4 . 8 )
may be  o b t a i n e d  by s u b s t i t u t i n g  f o r  Jn i n  ( 4 . 7 ) ,  e v a l u a t e d  a t  some 
o t h e r  p o i n t ,  f o r  example t h e  e m i t t e r  c o n t a c t ,  x = 0 .
f L fL '
n ( 0 , t )  = Yn ( x > t )  ■ Rn (v , t )d v + K n ( t )
xJ X
4
i J > ( 0 , t ) - iK x , t ) j  j. / t «-\r 9 dx + n ( L , t ) e
i s  n o t  a  f u n c t i o n  o f  x  and  may b e  e x t r a c t e d  from  t h e  i n t e g r a l  s i g n .  
When th e  v a lu e  o f  Kn i s  t h e n  s u b s t i t u t e d  b a c k  in  ( 4 .8 )  we h a v e  f i n a l l y ,
Jn ( x , t )  =
-if>(0 ,t)  - ^ ( L , t )  
n ( 0 , t ) e  - e
Rn ( v , t ) d v  +
rL
Yn ( x , t ) e  
0
_^ ( x , t )
rL
Rn ( v , t ) d v d x
Yn ( x , t ) e  ^ x , t ^dx
. . . ( 4 . 9 )
4 . 1 . 2  The p - e q u a t i o n s
E x a c t l y  t h e  same p r o c e d u r e  i s  u se d  f o r  t h e  p - e q u a t i o n s  e x c e p t  
t h a t  we u se  d i f f e r e n t  l i m i t s  i n  o r d e r  t o  make u se  o f  t h e  b o u n d a ry  
c o n d i t i o n s  d i s c u s s e d  in  s e c t i o n  2 . 3 .
U s ing  t h e  i n t e g r a t i n g  f a c t o r  e ^ ,  ( 4 .2 )  can b e  i n t e g r a t e d  t o  g iv e
, i | ; ( x , t )p ( x , t ) e Y ( x , t )  J  ( x , t ) e ^ X , t  ^ + c o n s t a n t  ( t )  
p p . . . ( 4 . 1 0 )
iKL,
I .  The r e g io n  0 ^  x  < B ( e m i t t e r  r e g i o n )
B
( u , t )  J  ( v , t ) e ^ ^ V,t:^dv + c o n s t a n t  ( t )
X
F o l lo w in g  a s i m i l a r  p r o c e d u r e  as  ab o v e ,  s e t t i n g  x  = B g iv e s  t h e  c o n s t a n t .
( B
P ( x , t ) = -  y _ ( v , t )  J  ( v , t ) e  'd v  + p ( B , t ) e
p p . . . ( 4 . 1 1 )
The c o n t i n u i t y  e q u a t i o n  (A.A) i s  i n t e g r a t e d  t o  g iv e
J p ( x , t )  =
x
R ( v , t )  dv + K ( t )  
P P
. . . ( A . 12)
S u b s t i t u t e  (A .12) i n  (A .11) e v a l u a t e d  a t  x  = 0 .  E x t r a c t  Kp from  t h e  
r e s u l t  and s u b s t i t u t e  i n  (A .12) g i v i n g  f i n a l l y
rB
J  ( x , t )  =p
(P-^x^B )
R p ( v , t ) d v  -
^ ( 0 , t )  ^ ( B , t )
p ( 0 , t ) e  -  p ( B , t ) e  +
Y^(x,t )e i | ) ( x , t ) R p (v , t )d \ )d x
B
Y ( x , t ) e ' i' ( x ’ t ) dx
. . . ( A . 13)
I I .  The r e g i o n  B<x<L ( c o l l e c t o r  r e g i o n )
The deve lopm en t i s  i d e n t i c a l  e x c e p t  t h a t  we u s e
p ( x , t ) e ^ x , t ^= -  y ( v , t )  J  ( v , t ) e ^ V , t ^dv + c o n s t a n t  ( t )p p
and th e  e q u a t i o n  c o r r e s p o n d in g  t o  (A .11) i s  e v a l u a t e d  a t  x = B i n s t e a d  
o f  x = 0 . The r e s u l t  i s
J p ( x , t ) =
(B^x^L)
x
R ( v , t ) d v  
P
fL X
i |K B ,t)  t|/(L, t ) YD( x >t ) e ^ ( x ’ t ) R ( v , t ) d v d x
p ( B , t ) e  -  p ( L , t ) e  + B P B P
Y ( x . t j e ^ ^ d x '
. . . (A.1A)
Thus th e  e q u a t i o n  p a i r  ( 4 . 7 ) / ( 4 . 9 )  g iv e s  n  a s  a  f u n c t i o n  
o f  ip. S i m i l a r l y  ( 4 . 1 1 ) / ( 4 . 1 3 )  g iv e s  p i n  t h e  e m i t t e r  r e g i o n  and 
( 4 . 1 1 ) / ( 4 . 1 4 )  g iv e s  p i n  t h e  c o l l e c t o r  r e g i o n ,  as  f u n c t i o n s  o f  ip.
B e fo re  c o n s i d e r i n g  t h e  n u m e r i c a l  t r e a t m e n t  o f  t h e  above 
e q u a t i o n s  i t  i s  w o r th  n o t i n g  t h a t  t h e y  c o n ta i n  w e ll-know n  r e s u l t s .  
F o r  example e q u a t i o n  ( 4 .9 )  f o r  z e ro  r e c o m b in a t io n  becomes ( i n  
s t e a d y  s t a t e ) .
-'I'O
nne
J  = n
■ n Le . . . ( 4 . 1 5 )
Y ( x ) e " ' ,' ( x ) dx n
0
The i n t e g r a l  in  t h e  d e n o m in a to r  i s  a lm o s t  c o m p le te ly  g o v e rn ed  by  t h e  
r e g io n  o f  n e g a t i v e  ip, i . e .  t h e  b a s e .  A lso  in  t h e  b a s e  we know t h a t  
P = e“ ^ ( i . e .  <p = 0 ) so t h a t  we may r e p l a c e  t h e  d e n o m in a to r  by
1 p y dx . F u r t h e r ,  p i s  n e a r l y  e q u a l  t o  N, t h e  n e t  b a s e  d o p in g ,  so J n
t h a t  we may r e w r i t e  ( 4 .1 5 )  as
J  = n
—V , -V ,eb cbe -  e
Y N dx 'n
o r  A -Veb - Vcb e -  e . . . ( 4 . 1 6 )
w here  t h e  b ounda ry  c o n d i t i o n s  o f  s e c t i o n  2 .3  h av e  b e e n  u se d  i n  t h e  
n u m e r a to r .
T h is  i s  Gummel's c h a rg e  c o n t r o l  t r a n s i s t o r  m o d e l a n d  a l s o
Q 8 )
t h e  b a s i c  e q u a t io n  o f  t h e  E b e rs -M o ll  model
4 .2  N um erica l  i n t e g r a t i o n
As i s  s e e n  i n  t h e  above e q u a t i o n s  we a r e  c o n c e rn e d  w i t h  
s o l u t i o n  o f  i n t e g r a l s  o f  t h e  form
f ( x ) e g ( x ) dx .
Over t h e  ran g e  o f  i n t e r e s t  ( e . g .  0^x<L) we d i v i d e  t h e  t r a n s i s t o r  i n t o  
a l a r g e  number o f  meshes w i t h  t h e  nodes  d e f i n e d  a t  t h e  p o i n t s  x^
(O ^ i^ N ) . The f u n c t i o n s  f  and g a r e  th e n  d e f i n e d  o n ly  a t  t h e s e  n o d e s  s i n
th e y  a r e  f u n c t i o n s  o f  n ,p , ip  e t c .  The v a lu e  o f  t h e  i n t e g r a l  i s  
r e q u i r e d  a t  a l l  p o i n t s  on t h e  m esh, i . e .  we n e e d  to  e v a l u a t e  
x .
f ( x )  e 8 (x )  dx f o r  any i , j .
The p ro b lem  may a lw ays  b e  r e d u c e d  t o  i n t e g r a t i n g  be tw een  2 a d j a c e n t  
p o i n t s  s i n c e
(X. rx. t
J J
= +
J
x.
1
X .  - X .
J - l  1
w hich  r e c u r s i v e l y  r e d u c e s  t o  i n t e g r a t i n g  b e tw een  x .  and  x ^ +^. The 
s im p l e s t  s o l u t i o n  i s  t o  u se  t h e  t r a p e z o i d a l  r u l e
i + l
f ( x ) e 8 (x )  dx = y’i+1  ~ X£ <
x.1
8i  f  8i + l  
f i  « + f i + l  6 . . . ( 4 . 1 7 )
w here  f .  = f ( x . )  e t c .l  i y
T h is  scheme can  b e  v e ry  i n a c c u r a t e  when t h e  e x p o n e n t  i s  r a p i d l y  
v a r y in g .  A much b e t t e r  scheme i s  to  l i n e a r i s e  t h e  two f u n c t i o n s  f  and g 
s e p a r a t e l y ,  and t h e n  i n t e g r a t e  i . e .  assume
f  (x) 
( x . ^ x . +1)
g(x )
(x i ^ x ^ x i+ 1 )
f  -S
x i + l  "  x f  4.
f ' X -  X .1
xi + l  "■ x i 1 X .  - -  x . 1+1 1V» J
f i +l
x .  1 “ X 1+1______
X .  1 -  x .  
1+1 1
x -  X .1
X • i  -  X .  
1+1 1
’i + l
. . . ( 4 . 1 8 )
F o r  c o n v e n ie n c e ,  move th e  o r i g i n  t o  x^ and s e t  h x i + l x .i
rh
Then I  = (a  + b x ) e a+^X dx
= e
3x
e dx + b
8x
xe dx
0
. . . ( 4 . 1 9 )
w here  a  = f . ,  bi-
a  = gi s
f i + i f .1
x *. ii + l
’i + l
x .l
x i +i x .1
The f i r s t  t e rm  o f  ( 4 .1 9 )  i n t e g r a t e s  d i r e c t l y  and t h e  se co n d  by  p a r t s  
t o  g iv e
I
$h b . , b Ne ( a  + bh  -  —) -  ( a  -  —)
and on r e s u b s t i t u t i o n
•x i + l
f ( z )  e 8 (x )  dx = x i +r x i
8i + l
[ f  -  f i+ 1 " f i l 8i
f f  ‘ -Li ^ 1+1 1
8i+X_ 8 i  '
6
1+1 8 i + l " 8i J
6
1 gi + l ~ 8i
4
x . w !
. . . ( 4 . 2 0 )
Care m ust be  t a k e n  as  g. . -  g. t e n d s  t o  z e r o .  When t h e  d i f f e r e n c e° i + l  &i
i s  s u i t a b l y  s m a l l  we may use
f ( x )  e 8 ^  dx
 ^ 8i ^ i + l  ) x .i + l  x i  8i  /£L e v 
~ 2 -------  6 ( f i  + f i+ l> . .  . ( 4 . 2 1 )
x .l
( 4 .2 0 )  and ( 4 .2 1 )  a r e  t h e  fo rm u la e  u sed  i n  t h e  ODESSA p ro g ra m  d e s c r i b e d  
in  t h e  f o l l o w i n g  s e c t i o n  and l i s t e d  i n  A ppendix  A6.1. A more com plex 
p r o c e d u r e  h a s  b e e n  t r i e d  by  c o l l e a g u e s  and d e s c r i b e d  i n  t h e  l i t e r a t u r e  
b u t  i n  most c a s e s  t h e  m ethod above w i l l  g iv e  s a t i s f a c t o r i l y  a c c u r a t e  
r e s u l t s .
(19)
4 .3  The ODESSA Program
The n u m e r i c a l  form  o f  t h e  e q u a t i o n s  o f  c h a p t e r s  2 , 3  and 4 
h a s  been  im p lem en ted  i n  t h e  com pute r  p rog ram  ODESSA (O n e-D im en s io n a l  
E x a c t  S t e a d y - S t a t e  A n a l y s i s ) .  I t  i s  w r i t t e n  i n  ICL 1900 A l g o l ,  and 
i s  n o r m a l ly  ru n  u n d e r  t h e  George I I I  o p e r a t i n g  s y s te m . The p ro g ra m  
i t s e l f  r e q u i r e s  a b o u t  15 k  words o f  s t o r a g e  p l u s  a  f u r t h e r  3 |  k  w ords 
o f  d a t a  sp a ce  p e r  100 mesh p o i n t s .  The A lg o l  p rogram  i t s e l f  i s  l i s t e d  
in  Appendix  A 6 .1 .  A f u l l  d e s c r i p t i o n  and o p e r a t i n g  i n s t r u c t i o n s  a r e  
a v a i l a b l e  i n  r e f e r e n c e  13. Here we s h a l l  g iv e  o n ly  a  b r i e f  d e s c r i p t i o n
o f  t h e  c o m p u ta t io n a l  s t e p s  w i t h  t h e  a i d  o f  t h e  f low  d iag ra m  in  
F ig u r e  4 . 1 .
The g e n e r a t i o n  o f  t h e  dop ing  p r o f i l e  was d e s c r i b e d  i n  c h a p t e r  
2 .  A c o n s t a n t  mesh s i z e  i s  u se d  th ro u g h o u t  t o g e t h e r  w i t h  a  r e g i o n  o f  
f i n e r  mesh s i z e  i f  r e q u i r e d .  The a p p ro x im a te  e q u i l i b r i u m  c a r r i e r  
c o n c e n t r a t i o n s  a r e  c a l c u l a t e d  from  t h e  d o p ing  p r o f i l e .  The f i r s t  
s e t  o f  a p p l i e d  v o l t a g e s  a r e  th e n  r e a d  in  and  t h e  b o u n d a ry  c o n d i t i o n s  
a p p l i e d  as  d e s c r i b e d  i n  s e c t i o n  2 . 3 .
An i n i t i a l  e s t i m a t e  f o r  t h e  e l e c t r o s t a t i c  p o t e n t i a l  i s  
now s e t  up a s  d e s c r i b e d  b e lo w . We th e n  b e g in  t h e  i t e r a t i v e  p r o c e s s .  
C u r r e n t s  and c a r r i e r  d e n s i t i e s  a r e  c a l c u l a t e d  th ro u g h o u t  t h e  t r a n s i s t o r  
from  t h e  e s t i m a t e  ip0 . As a r e s u l t  P o i s s o n ’s e q u a t i o n  i s  no l o n g e r  
s a t i s f i e d  by t h e  new v a lu e s  o f  n  and p and an im proved  v a lu e  o f  tf> i s  
c a l c u l a t e d  as  d e s c r i b e d  in  c h a p t e r  3. A gain  t h i s  makes t h e  c u r r e n t /  
c a r r i e r  e q u a t i o n s  i n c o n s i s t e n t  and new v a lu e s  o f  c a r r i e r  d e n s i t y  a r e  
c a l c u l a t e d .  P r o v id e d  t h e  p r o c e s s  c o n v e rg e s ,  t h i s  b a c k  and f o r t h  
i t e r a t i o n  w i l l  e v e n t u a l l y  p r o v id e  d i s t r i b u t i o n s  o f  n , p ,  and ip w hich  
a r e  c o n s i s t e n t  in  a l l  t h e  e q u a t i o n s .  ( In  f a c t  we s to p  t h e  p r o c e s s  when 
no v a r i a b l e  changes  by more th a n  a s m a l l  p r e s e t  t o l e r a n c e .  In  t h e  
p rogram  g iv e n  i n  A ppend ixA 6 .1  t h e  p r o c e s s  f o r  s o l v i n g  t h e  P o i s s o n  
e q u a t i o n  i s  in  f a c t  i t e r a t e d  t o  c o m p l e t i o n . )
The c a l c u l a t i o n  o f  t h e  r e c o m b in a t io n  - fu n c t io n  i s  n o t  c a r r i e d  
o u t  u n t i l  t h e  c u r r e n t  i t e r a t i o n  lo o p  h a s  p a r t i a l l y  c o n v e rg e d .  We have  
found t h a t  t h i s  h e lp s  t o  keep  t h e  i t e r a t i v e  p r o c e s s  s t a b l e .  When t h e  
w hole  p r o c e s s  h a s  c o n v e rg e d ,  s e v e r a l  q u a n t i t i e s  o f  i n t e r e s t  a r e  com puted , 
such  as b a s e  r e s i s t a n c e ,  Gummel i n t e g r a l  e t c . ,  and r e s u l t s  a r e  o u t p u t .
4 . 3 . 1  I n i t i a l  p o t e n t i a l  e s t i m a t e
Some t r o u b l e  i s  t a k e n  in  e s t a b l i s h i n g  a r e a s o n a b l e  i n i t i a l  
e s t i m a t e  f o r  t h e  e l e c t r o s t a t i c  p o t e n t i a l  i n  t h e  t r a n s i s t o r .  T h i s  h a s  
been  found  n e c e s s a r y  i n  d i f f i c u l t  o p e r a t i n g  c o n d i t i o n s ,  su c h  as  v e ry  
h ig h  c u r r e n t s  o r  h e a v i l y  s a t u r a t e d  d e v i c e s ,  and h a s  a l s o  b e e n  n o t i c e d  
by o t h e r  w o r k e r s ( 2 0 ) .
I  E m i t t e r  and Base r e g io n s  Space c h a rg e  n e u t r a l i t y  th r o u g h o u t  t h e
e m i t t e r  and b a s e  r e g i o n s  i s  assum ed . In  a d d i t i o n  t h e  q u a s i - F e r m i  p o t e n t i a l s
d> ,d> a r e  assumed t o  b e h a v e  as  shown i n  f i g u r e  4 . 2 .  The e l e c t r o n  q u a s i -  p ’ n
Ferm i p o t e n t i a l  <f>n rem a in s  c o n s t a n t  a t  V ^ from  th e  e m i t t e r  c o n t a c t  t o  B, 
t h e  p o i n t  o f  maximum b a s e  d o p in g .  Beyond B, <f> r i s e s  l i n e a r l y  t o  r e a c h  
z e ro  a t  t h e  b a s e  c o l l e c t o r  j u n c t i o n .  The h o l e  q u a s i - F e r m i  p o t e n t i a l  
rem a in s  c l o s e  t o  z e ro  th ro u g h o u t  e m i t t e r  and b a s e .  (At t h e  e m i t t e r  c o n t a c t  
t h e  bou n d a ry  c o n d i t i o n s  d e s c r i b e d  i n  s e c t i o n  2 .3  i n s i s t  t h a t  <l)n =:<f)p =:^ eb
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F»*g. 4 .2 . E st im a tio n  op p o te n t ia l  ^ in  e-m ibber a n d  bose*
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b u t  im m e d ia te ly  beyond  t h e  c o n t a c t  <f> r i s e s  r a p i d l y  t o  z e r o .  We 
a l lo w  t h i s  t o  happen  o v e r  one mesh l e n g t h ) .  The above c o n d i t i o n s  g iv e
n  -  p -  N = 0 ( s p a c e  c h a rg e  n e u t r a l i t y ) .
-i|> Yn
P = e °  = -  (4> = 0)n  Yp \
g i v in g
~ K
1  -  p -  N = 0 . . .  ( 4 .2 2 )
T h is  e q u a t i o n  ( 4 .2 2 )  may b e  s o lv e d  f o r  p and h e n c e  we o b t a i n  ip t h e  
i n i t i a l  d i s t r i b u t i o n  r e q u i r e d .
I I  C o l l e c t o r  r e g i o n  F ig u r e  4 .3  i l l u s t r a t e s  a  t y p i c a l  c o l l e c t o r  
i m p u r i t y  d o p in g  p r o f i l e .  Under n o rm a l  o p e r a t i n g  c o n d i t i o n s  i t  may be 
r e g a r d e d  a s  c o n s i s t i n g  o f  t h r e e  r e g i o n s .
a)  A f u l l y  d e p l e t e d  r e g i o n  o f  c o n s t a n t  d o p in g  Nq w here  P o i s s o n ’ s 
e q u a t i o n  g iv e s
3x 0
b )  A r e s i s t i v e  s p a c e - c h a r g e  n e u t r a l  r e g i o n  o f  c o n s t a n t  d o p in g
4 = °8x
c) An n+ r e g i o n  c a u se d  by o u t - d i f f u s i o n  from  th e  s u b s t r a t e  o r  
b u r i e d  l a y e r .  Again t h i s  r e g io n  i s  s p a c e  c h a rg e  n e u t r a l .
Region (c )  i s  t r e a t e d  i n  e x a c t l y  t h e  same way as  t h e  e m i t t e r .  
Fo r  r e g io n  (b) we n e e d  an e s t i m a t e  o f  t h e  c u r r e n t  d e n s i t y .  As we saw 
above a r e a s o n a b le  e s t i m a t e  i s  g iv e n  by  e q u a t i o n  ( 4 .1 6 )
' Veb " Vcb
J  = en
y N dx 
b a s e
(y may be  assumed c o n s t a n t  t o  e v a l u a t e  t h i s ) .
An ohmic drop  may be  assumed and t h e  p o t e n t i a l  c a l c u l a t e d .  By i n t e g r a t i n g  
t h e  P o i s s o n  e q u a t i o n  ab o v e ,  t h e  p o t e n t i a l  i n  r e g i o n  (a )  i s  s e e n  t o  be  
p a r a b o l i c .  C o n se q u e n tly  a  p a r a b o l a  i s  chosen  i n  t h i s  r e g i o n  t o  f i t  t h e  
p o i n t s  a l r e a d y  f i x e d  and t o  b e  c o n t in u o u s  i n  b o th  p o t e n t i a l  and  f i e l d  
w i th  r e g io n  ( b ) .  T here  a r e  v e ry  s p e c i a l  c i r c u m s ta n c e s  su c h  as h e a v y
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s a t u r a t i o n  w h ich  m ust b e  d e a l t  w i t h  s e p a r a t e l y ,  and f u l l  d e s c r i p t i o n s
a r e  a v a i l a b l e  in  r e f e r e n c e  13.
F i g u r e  4 .4  shows a t y p i c a l  r e s u l t  f o r  t h e  m icrow ave t r a n s i s t o r
w i th  t h e  i n i t i a l  and f i n a l  p o t e n t i a l  d i s t r i b u t i o n  b e i n g  shown in  a
3 2f a i r l y  h ig h  c u r r e n t  c a s e  ( ^ 7  x  10 A/cm ) .
4 .4  Some T y p ic a l  S te ad y  S t a t e  R e s u l t s
A few t y p i c a l  r e s u l t s  o b t a i n e d  u s in g  th e  ODESSA p ro g ra m  a r e  
now g iv e n .  The two t r a n s i s t o r s  d e s c r i b e d  i n  c h a p t e r  2 a r e  u s e d  s i n c e  
t h e s e  r e p r e s e n t  r a t h e r  ex tre m e  c a s e s  o f  p r a c t i c a l  d e v i c e s .
4 . 4 . 1  Microwave t r a n s i s t o r  r e s u l t s
F ig u r e  4 .5  shows t h e  e l e c t r o n  and h o l e  d i s t r i b u t i o n s  t h r o u g h o u t
t h e  m icrowave t r a n s i s t o r .  The p r o f i l e  u se d  i s  t h a t  d e s c r i b e d  i n  s e c t i o n
2 . 2 . 1  and r e s u l t s  a r e  shown f o r  two b i a s  c o n d i t i o n s ,  nam e ly  Ve^ = - .7 2 5 V
and V , = - .8 2 5 V . C o l l e c t o r  c u r r e n t s  i n  t h e  two c a s e s  a r e  96 A /cv?
eb 2and 3300 A/cm r e s p e c t i v e l y ,  w hich  may be  r e g a r d e d  as  " o f f ” and " o n 11 
c o n d i t i o n s .  At t h e  h ig h  c u r r e n t  g iv en  by th e  c u rv e s  I I ,  t h e  h eav y  
i n j e c t i o n  o f  m i n o r i t y  c a r r i e r s  i n t o  t h e  b a s e  r e g io n  can be  s e e n .  In  t h e
c o l l e c t o r  d e p l e t i o n  r e g i o n  t h e  r a t i o  o f  t h e  e l e c t r o n  c o n c e n t r a t i o n s  in
t h e  two c a s e s  i s  a b o u t  37. The c u r r e n t s  c o n s id e r e d  a r e  r e l a t e d  by  n e a r l y  
t h e  same r a t i o  show ing t h a t  t h e  c u r r e n t s  a r e  d e te rm in e d  by  t h e  l i m i t i n g  
f i e l d  v e l o c i t y  o f  t h e  c a r r i e r s .
In  f i g u r e  4 .6  we h a v e  p l o t t e d  t h e  b a s e  s h e e t  r e s i s t a n c e  
a g a i n s t  V ^ f o r  two t r a n s i s t o r s ,  t h e  n o rm a l  m icrowave t r a n s i s t o r  as  
a l r e a d y  d e s c r i b e d  and a n a r ro w  b a s e  v e r s i o n  o f  t h e  same t r a n s i s t o r .
The b a s e  s h e e t  r e s i s t a n c e  i s  d e f i n e d  as
* —
R = e y p dxs P
b a s e
The v a lu e s  a t  low c u r r e n t  i n j e c t i o n  a r e  s e e n  t o  b e  r e l a t e d ,  a s  
e x p e c t e d ,b y  t h e  r a t i o  o f  b a s e  w id th  and d o p in g .  As t h e  e m i t t e r - b a s e  
v o l t a g e  i s  i n c r e a s e d  n e g a t i v e l y  th e n  t h e  r e s i s t a n c e  d r o p s .  T h is  i s  due 
t o  s e v e r a l  f a c t o r s ,  t h e  m ost im p o r ta n t  b e i n g  :
a)  S h r in k a g e  o f  t h e  e m i t t e r - b a s e  d e p l e t i o n  l a y e r  when f o rw a rd
b i a s e d  and t h e r e f o r e  a  w id e n in g  o f  t h e  r e g i o n  o v e r  w h ic h  t h e  
i n t e g r a l  i s  p e r fo rm e d .  T h is  i s  o b v i o u s l y  more im p o r t a n t  i n  
t h e  n a r ro w  b a s e  c a s e .
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b )  I n c r e a s e d  i n j e c t i o n  o f  c a r r i e r s  i n t o  t h e  b a s e  r e g i o n .  Where t h e  
r e s i s t a n c e  f a l l s  o f f  s h a r p l y  i n  t h e  n a r ro w  b a s e  t r a n s i s t o r  c a s e ,  
t h e  i n j e c t i o n  i s  v e r y  h ig h  in d e e d .
An i n t e r e s t i n g  f e a t u r e  t o  n o t e  i s  t h a t  s h e e t  r e s i s t a n c e  i s
u s u a l l y  m easu red  u n d e r  z e ro  b i a s  c o n d i t i o n s .  A c o n s i d e r a b l e  change
from  t h i s  v a lu e  may b e  e x p e c te d  u n d e r  n o rm a l  o p e r a t i n g  c o n d i t i o n s .
C o n s e q u e n t ly  t h e  p e rfo rm a n c e  o f  a  t r a n s i s t o r  m ig h t  be  b e t t e r  t h a n  e x p e c te d
from  b a s e  r e s i s t a n c e  m easu rem en ts  on a  m o n i to r in g  t e s t  p a t t e r n  on an
i n t e g r a t e d  c i r c u i t  s l i c e .
An i n t e r e s t i n g  p a r a m e te r  i n  t h e  e x a m in a t io n  o f  m icrowave
. (21)
t r a n s i s t o r s  i s  t h e  c h a rg e  c o n t r o l  t r a n s i t  t im e  , d e f i n e d  as
d (l sT =  --— .
dl C
w here  Q i s  t h e  s t o r e d  c h a rg e  and I  t h e  c o l l e c t o r  c u r r e n t .  We have  s c
shown i n  f i g u r e  4 .7  how t h i s  d e l a y ,  o r  t r a n s i t  t im e ,  i s  b u i l t  up a c r o s s
(x
t h e  m icrow ave t r a n s i s t o r  by  p l o t t i n g  t (v) dv as  a f u n c t i o n  o f  x. The
< 0 t 
r e s u l t  i s  g iv en  f o r  two b i a s  c o n d i t i o n s ,  c o r r e s p o n d in g  t o  low and f a i r l y
h ig h  c u r r e n t s .  The t y p i c a l  p a t t e r n  i s  s e en  o f  no  d e la y  in  t h e  e m i t t e r ,
f o l lo w e d  by a l a r g e  component due t o  t h e  e m i t t e r - b a s e  t r a n s i t  c a p a c i t a n c e ,
C-,-. A c o n s i d e r a b l e  d e la y  th e n  a r i s e s  due t o  b a s e  t r a n s i t  t im e ,  b u tlb
no  f u r t h e r  component i s  i n t r o d u c e d  by t h e  c o l l e c t o r ,  w here  t h e  c a r r i e r s  
move v e ry  q u i c k l y .
. . . . (22)A u s e f u l  fo rm u la  f o r  t r a n s i t  t im e  i s  g iv e n  by
1 kT „
T 27rfT To q l  TE T e
T h is  l i n e a r  e q u a t i o n  may be  s o lv e d  u s in g  t h e  r e s u l t s  a t  t h e  two b i a s  
p o i n t s .  The c u r r e n t - i n d e p e n d e n t  p o r t i o n  t q w hich  i n c l u d e s  e f f e c t s  due 
t o  m i n o r i t y  c a r r i e r  s t o r a g e  i n  e m i t t e r  and b a s e ,  c o l l e c t o r  d e p l e t i o n  
l a y e r  t r a n s i t  t im e ,  r e s i s t a n c e  and c a p a c i t a n c e  o f  c o l l e c t o r ,  amdunts t o  
47 p s .  T h is  t im e ,  o r  t h e  e q u i v a l e n t  f ^  -  3 .4  GHz, i s  a  u s e f u l  p a r a m e te r  
from  t h e  t r a n s i s t o r  e n g i n e e r ’ s p o i n t  o f  v iew  as  i t  i s  s e n s i t i v e  t o  
changes  i n  d o p in g  p r o f i l e ,  e p i t a x y  t h i c k n e s s  e t c .
4 . 4 . 2  I n v e r t e r  t r a n s i s t o r  r e s u l t s  -  q u a s i - t r a n s i e n t  a n a l y s i s
F ig u r e  4 . 8  shows t h e  e l e c t r o n  and h o l e  d i s t r i b u t i o n  i n  t h e
i n v e r t e r  t r a n s i s t o r  ( c f .  f i g u r e  4 .5  f o r  t h e  m icrow ave t r a n s i s t o r ) .  T h is
t im e  we have  shown t h e  d i s t r i b u t i o n s  f o r  a  c o n s t a n t  V , and two v a l u e seb
o f  v c e » 0 .2V  and 5V. These  two v a lu e s  r e p r e s e n t  a  h e a v i l y  s a t u r a t e d
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d e v ic e  and one w h ich  i s  a lm o s t  d e s a t u r a t e d .  The i n t e r e s t i n g  a s p e c t  
o f  t h i s  t r a n s i s t o r  i s  t h e  c a r r i e r  c o n c e n t r a t i o n  in  t h e  c o l l e c t o r ,  and t h i s  
h a s  b een  exam ined  more c l o s e l y  i n  f i g u r e  4 .9 .  T h is  shows t h e  f a m i l i a r
t r i a n g u l a r  p a t t e r n  o f  h o l e  c o n c e n t r a t i o n  u se d  i n  a p p ro x im a te  m o d e l l i n g
(23) . .
work . Curves a r e  g iv e n  f o r  a  s e l e c t i o n  o f  v a lu e s  o f  be tw een
t h o s e  o f  f i g u r e  4 . 8 ,  and one can s e e  t h a t  by 5 .0  V t h e  c o l l e c t o r  h a s
a lm o s t  d e s a t u r a t e d .
The c u rv e s  o f  f i g u r e  4 .9  a r e  s t e a d y  s t a t e  r e s u l t s ,  and would
a l s o  a p p ly  t o  a  s i t u a t i o n  w here  t h e  vo l ta jg e  Vce w ere  i n c r e a s e d  v e ry
s lo w ly  -  t h e  c u rv e s  th e n  r e p r e s e n t  a  s e r i e s  o f  " s n a p s h o t s "  a lo n g  t h e
v o l t a g e  ramp. I t  i s  i n t e r e s t i n g  t o  exam ine how we m ig h t  u s e  t h e s e
c u rv e s  w i t h  v o l t a g e  ramps o f  more r e a l i s t i c  s p e e d .  We s e e  from  t h e
f i g u r e  t h a t  t o  e a ch  v a lu e  o f  t h e r e  c o r r e s p o n d s  a  s t o r e d  h o l e  c h a rg e
i n  t h e  c o l l e c t o r  and t h i s  h a s  b een  p l o t t e d  as f i g u r e  4 .1 0 .  The c u rv e
r i s e s  v e ry  s t e e p l y  a t  t h e  h e a v y  s a t u r a t i o n  e n d ,  and f o l lo w s  a more o r
l e s s  q u a d r a t i c  law e l s e w h e r e .  Thus i f  we c o n s id e r  Vce b e i n g  v a r i e d ,
t h i s  c h a rg e  m ust v a r y .  In  p a r t i c u l a r  as  we i n c r e a s e  a c u r r e n t
w i l l  o c c u r  w hich  adds t o  t h e  n o rm a l s t e a d y  s t a t e  c u r r e n t .  As m en t io n e d
above , t h i s  o n ly  a p p l i e s  w i t h  v e ry  s low  v o l t a g e  ramps b u t  i t  i s  i n s t r u c t i v e
t o  lo o k  a t  t h e  q u a s i - t r a n s i e n t  r e s u l t s  o b t a i n e d  by a ssum ing  t h a t  t h e r e  i s
no  l i m i t a t i o n  t o  t h e  sp e ed  a t  w h ich  t h e  h o l e  c h a rg e  may b e  d i s p e r s e d .
(T h is  i s  e q u i v a l e n t  t o  a ssum ing  i n f i n i t e  h o l e  m o b i l i t y ) .  F i g u r e s
4 .1 1  -  4 .1 3  show t h e  c o l l e c t o r  c u r r e n t  g iv e n  f o r  l i n e a r  ramps on V ^
a t  t h r e e  d i f f e r e n t  s p e e d s .  In  a l l  c a s e s  V i s  r a i s e d  from  0 .2V  t oce
5 .0  V, t h e  ramp sp e e d s  i n  4 .1 1 ,  4 .1 2  and 4 .1 3  b e in g  r e s p e c t i v e l y  5 ,1 0 ,  
and 20 V /y s .
In  e a ch  c a s e  an i n i t i a l  " s p i k e "  o f  c u r r e n t  i s  f o l lo w e d  by a 
s lo w ly  d e c r e a s i n g  q u a s i - t r a n s i e n t  com ponent. (By d e f i n i t i o n  t h i s  
component d ro p s  t o  zero  when Vcg c e a s e s  t o  v a r y ) .  The s p ik e  o c c u r s  
w here  t h e  c o l l e c t o r  comes q u i c k l y  o u t  o f  h eav y  s a t u r a t i o n ,  fo l lo w e d  by 
a n e a r l y  l i n e a r  p r o g r e s s i o n  o f  t h e  c h a rg e  " t r i a n g l e "  t h ro u g h  t h e  c o l l e c t o r .
P e rh a p s  t h i s  s im p le  p i c t u r e  may be  im proved  upon . R a th e r  th a n  
a ssum ing  t h a t  a l l  c h a rg e  im m e d ia te ly  l e a v e s  t h e  c o l l e c t o r  when i s  
c hanged , we may b u i l d  i n  a  t im e  c o n s t a n t  as  f o l l o w s .
Between t im e  t  and t  + d t  t h e  v o l t a g e  v a r i e s  by  a g iv e n  
amount and a c h a rg e  o f  dQ i s  l o s t ,  a c c o r d in g  to  t h e  s im p le  p i c t u r e  ab o v e .
We w i l l  assume t h a t  t h i s  c h a rg e  does  n o t  g iv e  a c u r r e n t  I q a s  shown i n  
f i g u r e  4 .1 1 ,  b u t  r a t h e r  decays  e x p o n e n t i a l l y  as  t h e  s t o r e d  c h a rg e  d i f f u s e s  
o u t .  At any t im e  t ’ s u b s e q u e n t  t o  t ,  we t h e r e f o r e  h a v e  a c u r r e n t  component
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t ' - t
d l  = A e . . . ( A . 23)
We w i l l  assume x c o n s t a n t  w i t h  t f , and h a s  t h e  v a lu e  a t  t .  Then 
c h a rg e  c o n s e r v a t i o n  g iv e s
dQ = I  d t  = n o
_ t
A e d t '
I n t e g r a t i o n  g iv e s  A = ( ~ )  so  t h a t  (A .23) becomes
_ 1 T= — I  e
t o d t
(A .2 A)
T h is  i s  t h e  c u r r e n t  component a t  t '  due t o  a  c h a rg e  dQ a t  t .  
The t o t a l  c u r r e n t  w i l l  b e  t h e  sum o f  a l l  such  com ponents due t o  a l l  
c h a rg e  in c r e m e n ts  dQ up t o  t h e  t im e  t*  i . e .
I ( t ' )  =
t '
Xo 
T ( t ) exp T ( t ) d t  . . . ( A . 25)
T h is  can b e  no  more th a n  a rou g h  f i r s t  a p p ro x im a t io n  t o  w hat a c t u a l l y  
o c c u r s .  In  p r a c t i c e ,  even  i f  t h e  law  (A .23) i s  v a l i d ,  t h e  o u t p u t  
c u r r e n t  I  s h o u ld  have  a f e e d b a c k  e f f e c t  on t h e  r e l a x a t i o n  t im e  t , 
b u t  t o  i n c o r p o r a t e  t h i s  i s  p r o b a b ly  p u s h in g  t h e  a p p ro x im a te  t h e o r y  
to o  f a r .
The r e s u l t s  o f  t h i s  sm o o th in g  p r o c e s s  h av e  b e e n  p l o t t e d  i n  
F ig u r e s  A. 11 -  A .13 w here  i t  i s  s e en  t o  p ro d u c e  a d r a m a t i c  e f f e c t .
F o r  t h e s e  f i g u r e s  we have  chosen  as  t t h e  t r a n s i t  t im e  o f  t h e  c o l l e c t o r ,
T h is  i s  g iv e n  by  t = w^2D
(23) w here  D i s  t h e  d i f f u s i o n  c o n s t a n t  and
w i s  t h e  w id th  o f  t h e  m o d u la te d  c o l l e c t o r  r e g i o n ,  o b t a i n a b l e  from  
f i g u r e  A .9 .
In  a n t i c i p a t i o n  o f  t h e  n e x t  c h a p t e r  we h av e  a l s o  s u p e r im p o s e d  
th e  a c t u a l  t r a n s i e n t  r e s u l t s  a s  d a sh ed  l i n e s  in  f i g u r e s  A .11 -  A .13. 
These show t h a t  t h e  q u a s i - t r a n s i e n t  r e s u l t s  a r e  n o t  i n  good a g re e m e n t
w i t h  t h e  r e a l  r e s u l t s ,  a l t h o u g h  t h e  p eak  c u r r e n t  r e a c h e d  i s  a b o u t  t h e  same, 
We have  n o t  p u r s u e d  t h i s  a p p ro a c h  any f u r t h e r .
A .5 E x te n s io n  to  T r a n s i e n t  Case
The r e s u l t s  d e s c r i b e d  above a r e  a l l  o b t a i n e d  u n d e r  s t e a d y
s t a t e  d . c . o p e r a t i n g  c o n d i t i o n s , i . e .  w i th  t h e  t e r m s a n d  —  in  th edt dt
e q u a t i o n s  s e t  t o  z e r o .  In  p r i n c i p l e  i t  lo o k s  r e a s o n a b l e  t o  u s e  t h e  
p rog ram  ODESSA as  t h e  c o re  o f  a  t r a n s i e n t  a n a l y s i s  p rog ram  by  b u i l d i n g  
a t im e  i n t e g r a t i o n  s y s te m  a ro u n d  i t .  U n f o r t u n a t e l y  t h i s  i s  n o t  
r e a l i s a b l e  in  p r a c t i c e .
The a lg o r i t h m  above w i l l  d e l i v e r  v a lu e s  o f  n,p,ij> g iv e n  th e  
a p p r o p r i a t e  b o u n d a ry  c o n d i t i o n s  and v a lu e s  o f  . ( I t  e f f e c t ­
i v e l y  t r e a t s  t h e  t im e  d e r i v a t i v e s  as  known r e c o m b in a t io n  f u n c t i o n s ) .
A t im e  i n t e g r a t i o n  scheme u s in g  t h i s  one-w ay r e l a t i o n s h i p  m ig h t  be  
c o n s t r u c t e d  as  f o l l o w s .
C o n s id e r  a  v a lu e  o f , s a y ,  n a t  a g iv en  p o i n t  i n  t im e  t ,  and 
a  v a lu e  a t  a  p r e v i o u s  t im e  t  -  t . C a l l  t h e s e  n ^  and r e s p e c t i v e l y
and f o r  s i m p l i c i t y  assume f i x e d  t im e  s t e p s .  I n t e g r a t i o n  in  t im e  r e q u i r e s  
t h a t  we c a l c u l a t e  t h e  v a lu e  a t  t  + t . I f  we f i t  a  p a r a b o l a  t o
th e  t h r e e  g iv e n  p o i n t s  we have
1
9n_
9 t ”  4n, + 3n. . - )  . . . ( A .  26)2 t v k - 1  " k  k+1k+1
and we may b u i l d  up an i t e r a t i v e  scheme in  t h e  f o l l o w i n g  m anner
1. Make an e s t i m a t e  o f  n^+1 from  n ^ ,  n k - i »   .............
2 .  U s ing  (A .26) c a l c u l a t e  (■— )
9 t  k+1
3. From t h e  ODESSA a l g o r i t h m  and t h i s  e s t i m a t e  o f  t h e  t im e  d e r i v a t i v e ,
c a l c u l a t e  n, . . .k+1
A. I t e r a t e  s t e p s  (2) and  (3) u n t i l  co n v e rg e n c e  t o  a  s e l f  c o n s i s t e n t
s o l u t i o n  o c c u r s ,  th e n  p ro c e e d  t o  t h e  n e x t  p o i n t  i n  t im e .
The v a r i a b l e  p i s  o f  c o u r s e  s i m u l t a n e o u s l y  t r e a t e d  i n  an 
i d e n t i c a l  m anner.
As we s h a l l  s e e  i n  t h e  n e x t  c h a p t e r ,  t h i s  s im p le  m ethod 
p r o v id e s  a  se co n d  o r d e r  e x p l i c i t  t im e  i n t e g r a t i o n  schem e. E x p l i c i t  
schemes a r e  o n ly  s t a b l e  u n d e r  c e r t a i n  c o n d i t i o n s ,  in  p a r t i c u l a r  f o r  
v e ry  s m a l l  t im e  s t e p s .  However t h e  f o r m u la t io n ( A .26) c o n t a i n s  v a l u e s  
f o r  n  w h ich  a r e  l a r g e  and s i m i l a r  i n  v a l u e .  W ith  s m a l l  t i t  i s  v e r y
e a s y  t o  i n t r o d u c e  l a r g e  e r r o r s  i n  t h e  d i f f e r e n c e s  be tw een  
t h e s e  n e a r l y  e q u a l  n u m b e rs , so  t h a t  i t  i s  n e c e s s a r y  t o  k e e p  t h e  t im e  
s t e p s  as  l a r g e  as  p o s s i b l e .  In  f a c t  no  r e g i o n  o f  s t a b i l i t y  c o u ld  be  
found  when t h e  sy s te m  was t r i e d  i n  p r a c t i c e .  The se co n d  o r d e r  e q u a t i o n  
was r e p l a c e d  by o t h e r  f o r m u la t io n s  b u t  no  s t a b l e  scheme c o u ld  b e  found  
f o r  e i t h e r  o f  t h e  t r a n s i s t o r s  exam ined . A t te m p ts  t o  c o n s t r u c t  a  t im e  
i n t e g r a t i o n  scheme a round  t h e  ODESSA p ro g ram  w ere  t h e r e f o r e  d i s c o n t i n u e d  
i n  f a v o u r  o f  t h e  f i n i t e  d i f f e r e n c e  a p p ro a c h  d e s c r i b e d  i n  t h e  f o l l o w i n g  
c h a p t e r .
5 . FINITE DIFFERENCE APPROACH TO SOLVING CARRIER EQUATIONS
T h is  c h a p t e r  i s  c o n c e rn e d  w i th  p r o v i d i n g  a  t r a n s i e n t  a n a l y s i s  
p rogram  w hich  may b e  u se d  t o  model a c c u r a t e l y  r e a l  t r a n s i s t o r s  
p a r t i c u l a r l y  w i t h  r e s p e c t  t o  c h o ic e  o f  v a r i a b l e  and b o u n d a ry  c o n d i t i o n s .
A t r a n s i s t o r  o p e r a t e s  a s  a  r e s u l t  o f  two a p p l i e d  b o u n d a ry  
c o n d i t i o n s ,  e i t h e r  v o l t a g e  o r  c u r r e n t  d e f i n e d .  These  m ig h t  be  f o r  
exam ple and V ^ ,  o r  a l t e r n a t i v e l y  J £ and J c> o r  o t h e r  p a i r s ,  e a c h  
o f  w h ich  d e f i n e s  i t s  s t a t e  u n i q u e l y .  In  t h e  c a s e  o f  t im e - v a r y i n g  
c o n d i t i o n s  t h e s e  p a r a m e te r s  m ust b e  s p e c i f i e d  a s  f u n c t i o n s  o f  t im e .  I t  
i s  d i f f i c u l t  i f  n o t  im p o s s ib l e  t o  v i s u a l i s e  a  t r a n s i s t o r ' s  b e h a v io u r  as 
t h e  r e s u l t  o f  im posed c u r r e n t  r e s t r a i n t s  -  a r b i t r a r i l y  c h o sen  v a l u e s  may 
n o t  even g iv e  r i s e  t o  r e a l i s a b l e  s o l u t i o n s .  On t h e  o t h e r  hand  t h e  
b e h a v io u r  o f  a  d e v ic e  u n d e r  g iv e n  v o l t a g e  c o n d i t i o n s  i s  w e l l -k n o w n ,  a t  
l e a s t  r o u g h ly  so  t h a t  r e a l i s t i c  and r e a s o n a b l e  o p e r a t i n g  c o n d i t i o n s  may 
be  u se d  a t  a l l  p o i n t s  o f  t im e .  We have  t h e r e f o r e  c o n s id e r e d  o n ly  
v o l t a g e  d r iv e n  t r a n s i e n t s .  I t  f o l lo w s  t h a t  i n  o r d e r  t o  a p p ly  t h e  
b o u n d a ry  c o n d i t i o n s  we m ust work i n  te rm s  o f  t h e  v a r i a b l e s  n , p  and ijn
V a r io u s  w o rk e rs  have  p u b l i s h e d  s o l u t i o n s  f o r  2 - t e r m i n a l  d e v ic e s
(3 5 9)b a s e d  on c u r r e n t  d r iv e n  t r a n s i e n t s  * * . Here t h e  v a r i a b l e s  n , p ,
and E (= -  ) a r e  u s e d ,  w h ich  p e r m i t s  w r i t i n g  down a  s e t  o f  s im u l ta n e o u s
(8)l i n e a r  e q u a t i o n s  i n  a l l  3 v a r i a b l e s .  T h is  s e t  may be  s o lv e d  d i r e c t l y  
(9)o r  i t e r a t i v e l y  . As s t a t e d  a b o v e ,  w i t h  3 - t e r m i n a l  d e v ic e s  t h e  v a r i a b l e  
ip m ust b e  u s e d ,  when t h e  h i g h e r  o r d e r  d e r i v a t i v e  i n  P o i s s o n ' s  e q u a t i o n  
p r o b a b ly  makes d i r e c t  s o l u t i o n  n u m e r i c a l l y  p o s s i b l e  b u t  c o m p u t a t i o n a l l y  
u n r e a s o n a b le  as  d i s c u s s e d  i n  s e c t i o n  ( 5 . A). Our a p p ro a c h  h a s  t h e r e f o r e  
c o n c e n t r a t e d  o n ly  on i t e r a t i v e  s o l u t i o n .  The t e c h n i q u e  i s  s i m i l a r  t o  t h a t  
u se d  i n  t h e  ODESSA p ro g ra m , w i t h  e q u a t i o n s  b e in g  s o lv e d  f o r  w i t h  n 
and p g iv e n ,  i n  a l t e r n a t i o n  w i th  t h e  r e v e r s e  p r o c e d u r e .  The o n ly  d i f f e r e n c e  
i s  t h a t  now we i n c l u d e  t im e - d e p e n d e n t  t e r m s ,  and t h e  s o l u t i o n  o b t a i n e d  
a p p l i e s  o n ly  t o  one t im e  p o i n t .  T h is  i s  r e p e a t e d  c o n t i n u a l l y  a s  we s t e p  
fo rw ard  i n  t im e .
5 .1  Developm ent o f  t h e  E q u a t io n s  
D i s c r e t i z a t i o n  i n  t im e
3uC o n s id e r  t h e  e q u a t i o n  —  = f ( u )
(w here  u may be  a v e c t o r ,  g i v in g  a s e t  o f  e q u a t i o n s ) t h e n  t h e  g e n e r a l  t im e  
d i s c r e t i z a t i o n  scheme i s  g iv e n  by
m m
. .  . ( 5 . 1 )
w here  t -  t fc+1 -
Of p a r t i c u l a r  i n t e r e s t  f o r  t r a n s i e n t  a n a l y s i s  p u rp o s e s  a r e  t h e  " s i n g l e  
s t e p "  f o rm u la ,  w i t h  m=l (Form ulae  w i th  m > 1 a r e  " m u l t i s t e p " ) .  The 
g e n e r a l  s i n g l e  s t e p  fo rm u la  i s
\ +l  = “ l \  + T (6 o f k f l  + W  . . . ( 5 . 2 )
I n t e g r a t i o n  schemes a r e  ’ e x p l i c i t 1 o r  ’ i m p l i c i t ’ d e p e n d in g  on w h e th e r  
3q i s  z e ro  o r  n o n - z e r o ,  e . g .  f o r  t h e  s i n g l e  s t e p  scheme g iv e n  b y  ( 5 .2 )  
we have
(a )  = 1 , = 0 ,  3-^  = 1 E u l e r ’ s m ethod ( e x p l i c i t )
(b )  a- = 1 , 3 = 1 ,  3, = 0 Backward E u l e r  (p u re  i m p l i c i t )1 o 1 --------------------------
(c )  = 1 , 3q = 2 » 3^ -  i  C ra n k -N ic o ls o n  m ethod ( i m p l i c i t )
S i m i l a r  w e ll-know n  m u l t i s t e p  m ethods may be  d e r i v e d .
The s t a b i l i t y  c o n d i t i o n s  o f  t h e s e  d i c r e t i z a t i o n  schem es may
. . . . . (24)b e  s t u d i e d  f o r  s im p le  d i f f e r e n t i a l  e q u a t i o n s  . The t r a n s p o r t  e q u a t i o n s
b e lo n g  t o  t h e  f a m i ly  o f  p a r a b o l i c  e q u a t i o n s ,  t h e  s i m p l e s t  member o f
w hich  i s  t h e  no rm a l d i f f u s i o n  e q u a t i o n ,
23 C -  8c /r o\„ - 2 5J. ...(5.3)
The c u r r e n t  t r a n s p o r t  e q u a t io n s  a r e  r e l a t e d  t o  ( 5 .3 )  th r o u g h  a ,  w h ich  
i s  c o n s t a n t  i n  t h e  d i f f u s i o n  e q u a t i o n  b u t  i s  a  c o m p l ic a te d  f u n c t i o n  i n  
o u r  c a s e .  R e s u l t s  on t h e  s t a b i l i t y  o f  d i s c r e t i z a t i o n  schem es a p p l i e d  t o  
( 5 .3 )  s h o u ld  t h e r e f o r e  be  a t  l e a s t  a  g u id e  a s  t o  w hat t o  e x p e c t .  F o r  t h e  
d i f f u s i o n  e q u a t i o n  ( 5 .3 )  w i t h  a  c o n s t a n t
(a )  i s  s t a b l e  f o r  — -- $ J
( a * r
(b )  and (c )  a r e  u n c o n d i t i o n a l l y  s t a b l e
and g e n e r a l l y  schemes become l e s s  s t a b l e  as t h e  o r d e r  o f  i n t e g r a t i o n  
(m in  e q u a t i o n  ( 5 . 1 ) )  i s  i n c r e a s e d ,  h e n c e  o u r  i n t e r e s t  i n  s i n g l e  s t e p  
m e th o d s .
In  t h e  c a s e  o f  t h e  s e m ic o n d u c to r  c o n t i n u i t y  e q u a t i o n s ,  when 
a p p l i e d  t o  a  r e a l  d e v ic e  l i k e  t h e  m icrowave t r a n s i s t o r ,  t h e  s t a b i l i t y  
c o n d i t i o n  f o r  e x p l i c i t  i n t e g r a t i o n  (a )  means t h a t  t im e  s t e p s  At m ust 
be  o f  t h e  o r d e r  o f  10 ^  s .  Thus an e x p l i c i t  i n t e g r a t i o n  scheme i s  
o n ly  s t a b l e  f o r  v e ry  s m a l l  t im e  s t e p s .  T h is  a g re e s  w i t h  t h e  e f f e c t s  
o b s e rv e d  when t r y i n g  t o  u se  t h e  ODESSA program  in  a t r a n s i e n t  a n a l y s i s  
c a l c u l a t i o n ,  when v e ry  s m a l l  s t e p s  w ere  r e q u i r e d .  The scheme o f  s e c t i o n  
4 .5  may be  se en  to  be  t h e  second  o r d e r  e x p l i c i t  v e r s i o n  o f  ( 5 . 1 ) .
D e r i v a t i o n  o f  f i n i t e  d i f f e r e n c e  fo rm u la e
R epea t t h e  b a s i c  e q u a t i o n s  f o r  c o n v e n ie n c e .
V » , «  - » „ < * , « {  n ( * , «  £ < - * > }
J p ( x , t )  = yp ( x , t )  |  p ( x , t )  , . . ( 5 . 5 )
*■, . v 8J ( x , t )
- V - »
p) T
d2 . ( x 9t )  =_____ E ( x , t )  -  U ( x , t )  . . ( 5 . 7 )
3t 3x p
We have  u se d  t h e  m o b i l i t y  y i n  t h e  above e q u a t i o n s ,  (y = ^ )
5 . 1 . 1 .  The n - e q u a t i o n s
A p p l i c a t i o n  o f  t h e  t im e  d i s c r e t i z a t i o n  scheme o f  ( 5 . 2 )  t o  
e q u a t i o n  ( 5 .6 )  g iv e s
S e t t i n g  $ = 0 , 5 , 1  g iv e s  t h e  3 f o r m u la t io n s  d i s c u s s e d  above . As w i t h
t h e  s o l u t i o n  t o  P o i s s o n 1s e q u a t i o n  in  c h a p t e r  3 ,  we f i r s t  i n t e g r a t e
( 5 .8 )  from  x . , t o  x . . ,  i “ 4 l +b
x i+?
(J )n ( J  )n
k+1 x .
~  + U 3x n dx -  Q
k+1
n
. . ( 5 . 9 )
w here  ft = n
1 (J ) " (J )n .
i+li
n .
x .
/
+
Jk  ]
1 - Un
n
8t dx
c o n ta i n s  a l l  t h e  i n f o r m a t io n  from  t h e  p r e v i o u s  p o i n t  i n  t im e .  V a lues
f o r  ( J  ) and ( J  ) , t h e  c u r r e n t s  a t  t h e  m id - p o in t s  o f  t h e  meshesn . . j n  . ,
a d j a c e n t  t o  t h e  p o i n t  x ,  may be  found from  th e  i n t e g r a l  e q u a t i o n s  
d e v e lo p e d  i n  c h a p t e r  4 as  f o l l o w s .  E q u a t io n  ( 4 .7 )  g iv e s  r e a d i l y
x
n . =l
i+ 1
Jn  ^ i  "—  e dx + n . , .  eV l + ln
. . ( 5 . 1 0 )
X.1
nIn  o r d e r  t o  p e r f o r m  th e  i n t e g r a l  we assume t h a t  t h e  v a lu e  o f  —  a t
n
th e  mid p o i n t  i s  a  mean i n t e g r a t e d  v a lu e  and may b e  e x t r a c t e d .  Then
" V
n i  e n i + l  e
" ^ i+ 1 n
n i+£
Xi+1
e_,,,(x)dx
X.1
I f  we now assume t h a t  we may l i n e a r i s e  t h e  e l e c t r o s t a t i c  p o t e n t i a l  
o v e r  a  m esh, i . e .
t h i s  e q u a t i o n  may be  i n t e g r a t e d  d i r e c t l y .  We have  f i n a l l y
1 + 2 i+9
♦ 1 * 1  -  * i
x i + l  ”  x i
n • - -  n .  e 
l+ l 1 e
i+1 -  + i
1 -  e l + l
. . ( 5 . 1 1 )
T h is  f o r m u la t io n  f o r  t h e  c u r r e n t  i s  t h e  same as  t h a t  i n t r o d u c e d  by 
S c h a r f e t t e r  and G u m m e l^  and l a t e r  u se d  by o t h e r  W orkers 
They found t h e  above n e c e s s a r y  t o  a v o id  n u m e r i c a l  i n s t a b i l i t i e s  
i n t r o d u c e d  when d e r i v a t i v e s  i n  t h e  t r a n s p o r t  e q u a t i o n s  ( 5 .3 )  and ( 5 .4 )  
w ere  r e p l a c e d  by s t a n d a r d  f i r s t  o r d e r  d i f f e r e n c e s .  T h e i r  fo rm u la  was 
o b t a i n e d  by c o n s i d e r i n g  two i n t e r s e c t i n g  mesh s y s te m s ,  b u t  h e r e  we 
have  d e r i v e d  ( 5 .1 1 )  d i r e c t l y .  The v a lu e  o f  ( J  ) * , i  g iv e n  by ( 5 .1 1 )XI 1» 2
and s i m i l a r l y  t h a t  o f  ( J  ) .  « may now be  s u b s t i t u t e d  b a c k  i n  ( 5 .9 )  t on  i~  2
g iv e  t h e  f i n a l  e q u a t i o n  i n  n .  (y^ i s  assumed l i n e a r  o v e r  a  m esh ) :
" i + i  + v i ♦ 1 +1 "  * i
x i + l  '  x i
n i + l  "  n i  e
* i + l  A
1 -  e * i + i - _ + i
u i  + H - i
xi  -  x i - i
n .  -  n .  1 e 
1 l - l
ib. — 1(1. - r i  Yi - 1
1 -  e
\ b .  -  \ p .  * Ti  r i - l
j - i + 1
J  Wjj = i - l  3
n
er  + Un -  ft . n . . .  ( 5 .1 2 )
(d ro p p in g  t h e  n - s u b s c r i p t  on y f o r  c o n v e n ie n c e ) .
w here t h e  i n t e g r a l  from t o  x ;. +1 h a s  been  r e p l a c e d  by  t h e  3 - p o i n t
fo rm u la  d i s c u s s e d  i n  s e c t i o n  3 .2  w i t h  r e f e r e n c e  t o  t h e  P o i s s o n  e q u a t i o n .
As in  t h e  i n t e g r a l  a p p ro a c h  o f  c h a p t e r  4 we w is h  t o  s e t  up a
scheme w hich  i t e r a t e s  e q u a t i o n  ( 5 .1 2 )  (and  th e  c o r r e s p o n d in g  p - e q u a t i o n  
w hich  we s h a l l  d e r i v e  s h o r t l y )  w i t h  t h e  a l g o r i t h m  w hich  s o l v e s  P o i s s o n * s  
e q u a t i o n .  C o n s id e r  t h e  v a r i a b l e s  o f  t h e  e q u a t i o n  w i t h  t h i s  i n  m ind .
c o n ta i n s  i n f o r m a t io n  from  t h e  p r e v io u s  p o i n t  i n  t im e  o n ly  
and i s  t h e r e f o r e  known. S in c e  th e  c a l c u l a t i o n  o f  n  i s  c a r r i e d  o u t  i n  
a l t e r n a t i o n  w i t h  t h e  s o l u t i o n  o f  P o i s s o n f s e q u a t io n  th e n  f o r  any 
i t e r a t i o n  t h e  c u r r e n t  v a lu e  o f  t h e  p o t e n t i a l  tJ; i s  a l s o  known. In  
g e n e r a l  y and U a r e  n o n l i n e a r  f u n c t i o n s  o f  n  and p as  shown i n  c h a p t e r
2 .  The m o b i l i t y  y v a r i e s  v e r y  s lo w ly  w i t h  t h e  c a r r i e r  c o n c e n t r a t i o n  
and a good a p p ro x im a t io n  i s  o b t a i n e d  by  u s in g  t h e  v a lu e  from  t h e  p r e v i o u s  
i t e r a t i v e  c y c l e .  The f u n c t i o n  U r e q u i r e s  more c o n s i d e r a t i o n  s i n c e  i t  may 
v a ry  q u i t e  r a p i d l y  w i t h  n  and  p .  We s h a l l  d i s c u s s  t h i s  i n  s e c t i o n  5 . A 
and show t h a t  a  s a t i s f a c t o r y  i t e r a t i v e  scheme i s  o b t a i n e d  by  t r e a t i n g  
U i n  t h e  same m anner as y ,  w here  t h e  known v a lu e  from  t h e  p r e v i o u s  
c y c le  i s  u s e d .  W ith a l l  t h e s e  te rm s  d e a l t  w i t h ,  e q u a t i o n  ( 5 .1 2 )  may 
be  w r i t t e n  as  a  l i n e a r  f u n c t i o n  o f  t h e  n fs .
A. n .  . + b . n .  + C . n . , -  = D.l  l - l  l i  l  l + l  i 1 ,2  . . .M . . ( 5 . 1 3 )
g i v i n g  a s e t  o f  M s im u l ta n e o u s  l i n e a r  e q u a t i o n s  in  n  w i t h  known 
c o e f f i c i e n t s ,  w hich  may be  s o lv e d  u s in g  t h e  a l g o r i t h m  o f  s e c t i o n  3 .6 .  
Form ulae  f o r  t h e  c o e f f i c i e n t s  a r e  g iv e n  i n  A ppendix  A2.2 .
5 . 1 . 2  The p - e q u a t i o n s
The p - e q u a t i o n s  a r e  t r e a t e d  i n  an i d e n t i c a l  m anne r ,  s t a r t i n g  
w i th  t h e  t im e  d i s c r e t i z a t i o n  o f  e q u a t i o n  ( 5 .7 )
3J 3J
^k+1 ^k  + T ' 3 Y 2 - ~ un 3x pk.  ^J
+ (1 -  3) [ax upj
k+1
o r k+1
6t
a j  
— E  
3x -  U
k+1
1 - 3 J_JL
3x -  UPJ 3x ( 5 .1 4 )
I n t e g r a t i n g  from  t o  g iv e s
(V  • , '  (V  • ,* i + J  v H
r i+h
_ 2 _  +  XJ
, p ,
4
i ” 2
dx -  £2 ( 5 .1 5 )
w here  = 
P (Vi+i
X.i + i  
1 ■
X.
i - i
U 3t dx
The c u r r e n t s  J  a r e  d i s c r e t i z e d  in  a  s i m i l a r  m anner t o  J  , p n ’
d e v e lo p in g  a n d i n t e g r a t i n g  e q u a t i o n  ( 4 .1 1 )  t o  g iv e :
yi+ l  + vi ' 'I’i + i + h '
f'i+l " * i  '
Pi -  P i+1 e
2 xi+ l  “ xi . V i  " +i1 -  e
fc 4
-  y . + y . _ l  l - l ■ * i - i ) r h  "  ^ i - i  ]P i - 1  -  P i  e
2 x . -i- x i - i . .  Ti  r i - l1 -  e
4
j - i + l
= y w. P + u — ■. Q
j = i - l  '3 3t p. j P
. . ( 5 . 1 6 )
( a g a in  d ro p p in g  th e  s u b s c r i p t s  on y f o r  c o n v e n ie n c e )  
from  w h ich  t h e  s e t  o f  l i n e a r  e q u a t i o n s  i s  o b t a i n e d : -
A. p .  _ + B . p .  . h * . il  * 1 - 1  . 1 * 1  l  * 1 + 1  lC- Vi = D. i  = 1 , 2 ,  . . .  M . . ( 5 . 1 7 )
The c o e f f i c i e n t s  a r e  o f  c o u rs e  d i f f e r e n t  from  t h o s e  o f  ( 5 . 1 3 ) ,  b u t  
we have  u se d  t h e  same symbols A ,B ,C,D f o r  c o n v e n ie n c e .  The c o e f f i c i e n t s  
a r e  g iv en  i n  A ppendix  A 2.3 .
5 .2  The ODETTA program
The p rog ram  ODETTA (One D im en s io n a l  E x a c t  T r a n s i e n t  T r a n s i s t o r  
A n a ly s i s )  i s  t h e  n u m e r i c a l  r e a l i s a t i o n  o f  th e  e q u a t i o n s  o f  t h e  p r e v i o u s  
s e c t i o n .  As i n  t h e  c a se  o f  ODESSA th e  p rogram  i s  w r i t t e n  i n  ICL 1900 
A lg o l  and i s  n o r m a l ly  ru n  u n d e r  t h e  George I I I  o p e r a t i n g  s y s te m .  The 
p rogram  n e e d s  a b o u t  15 k  w ords o f  s t o r a g e  p l u s  d a t a  s p a c e  o f  7 k  w ords 
p e r  100 s p a t i a l  mesh p o i n t s .  A p a r t  from  i n p u t  and o u t p u t ,  o n ly  a few 
t r i v i a l  f a c i l i t i e s  such  as  b o o le a n  sy s te m  s w i tc h e s  a r e  m ach ine  o r  
sy s tem  d e p e n d e n t ,  so  t h a t  t r a n s l a t i o n  t o  a n o th e r  A l g o l - u s i n g  m ach ine  
s h o u ld  n o t  be  a rd u o u s .  The A lg o l  l i s t i n g  i s  g iv e n  i n  A ppend ix  A 6 .2 ,  
where i t  w i l l  b e  s e en  t h a t  e x t e n s i v e  u se  o f  p r o c e d u r e s  f a c i l i t a t e s  
u n d e r s t a n d in g  o f  t h e  o p e r a t i o n .  We s h a l l  go th ro u g h  t h e  p r o c e s s  o f  
c o m p u ta t io n  b r i e f l y  w i t h  t h e  a i d  o f  t h e  f low  d iag ram s  o f  f i g u r e s  5 .1  
and 5 . 2 .
5 . 2 . 1  SYSTEMSOLVE
C o n s id e r  f i r s t  f i g u r e  5 . 1 .  T h is  i s  t h e  h e a r t  o f  t h e  p rogram
w hich  f i g u r e  5 .2  d e s c r i b e s  and i s  t h e  i t e r a t i o n  p r o c e s s  w h ich  s o lv e s
th e  c a r r i e r  e q u a t i o n s  a lo n g  w i t h  P o i s s o n 's  e q u a t i o n .  I t  i s  e s s e n t i a l l y
t h e  same p r o c e s s  as  was u se d  i n  t h e  ODESSA p rog ram  e x c e p t  t h a t  t im e
d e p e n d en t  te rm s  a r e  i n c l u d e d  in  t h e  c a r r i e r  e q u a t i o n  s o l v i n g  p r o c e s s .
Look back  f o r  a  moment a t  t h e  c o n t i n u i t y  e q u a t i o n s  ( 5 .6 )  and ( 5 .7 )
and c o n s i d e r  t h e  c a s e  w here  and a r e  s e t  t o  z e ro  ( i . e .  t h ed t  dt
s t e a d y  s t a t e  s o l u t i o n ) .  I n t e g r a t i o n  th e n  g iv e s  e q u a t i o n s  ( 5 .9 )  and
( 5 .1 5 )  i f  we s e t  3 = 1 a n d T = 00 • T h is  means we may u se  t h i s  a r t i f i c e
to  make t h e  SYSTEMSOLVE b l o c k  g iv e  a p p r o p r i a t e  s t e a d y  s t a t e  s o l u t i o n s
20s im p ly  by  s e t t i n g  3 t o  1 and t t o  s o m e th in g  v e ry  l a r g e  ( s a y  10 ) .
T h is  i s  m ost c o n v e n ie n t  f o r  s e t t i n g  up i n i t i a l  c o n d i t i o n s  and a l s o  
e n a b le s  ODETTA t o  b e  u se d  s im p ly  as  a  s t e a d y  s t a t e  p ro g ram .
At h ig h  c u r r e n t  d e n s i t i e s  o r  u n d e r  d i f f i c u l t  t r a n s i e n t  
c o n d i t i o n s  t h e  c o n v e rg e n c e  o f  t h e  SYSTEMSOLVE lo o p ,  e s s e n t i a l l y  t h e  
Gummel a l g o r i t h m ,  can be  v e ry  slow* In  a t t e m p t i n g  t o  sp e e d  t h i s  p r o c e s s ,
one r e c a l l s  t h e  d r a m a t i c  e f f e c t  o f  t h e  a c c e l e r a t i o n  p a r a m e te r  i n  t h e
(25) . . .c a se  o f  o v e r - r e l a x a t i o n  . The i t e r a t i v e  p r o c e s s  h e r e  i s  a  s im u l ta n e o u s
d i s p la c e m e n t  m e thod , u s in g  a n o n - l i n e a r  m a t r i x  a n a lo g o u s  t o  t h e  p o i n t
J a c o b i  m a t r i x .  N o n e th e le s s  by a p p ly in g  t h e  o v e r - r e l a x a t i o n  t e c h n i q u e
w i th  to > 1 , a  u s e f u l  g a in  in  c o n v e rg e n c e  was made. A gain  as  i n  t h e
s u c c e s s i v e  o v e r - r e l a x a t i o n  c a s e ,  t h e  optimum l i e s  b e tw e en  1 and  2 ,
w i th  a  v a lu e  g r e a t e r  th a n  2 g i v in g  d i v e r g e n c e .
The a c c e l e r a t i o n  f a c t o r m  i s  c a l c u l a t e d  by  t h e  m ethod  s u g g e s t e d
( 2 6 )
by C a r r£  f o r  t h e  s u c c e s s i v e  o v e r - r e l a x a t i o n  p r o c e s s ,  and u se d
(27)e f f e c t i v e l y  i n  t h e  a u t h o r ' s  e l e c t r o n  o p t i c s  work . T h i s  r e l i e s  on 
e s t i m a t i n g  th e  s p e c t r a l  r a d i u s  o f  t h e  i t e r a t i o n  m a t r i x  by  l o o k in g  a t  
t h e  c o n v e rg e n c e  o f  some e r r o r  norm o f  t h e  s y s te m . The b e s t  b e h a v e d  
o f  t h e  common norms h e r e  was t h e  a b s o l u t e  l e n g t h  o f  t h e  d i s p l a c e m e n t  
v e c t o r ,  d e f i n e d  as
i
. . ( 5 . 1 8 )
w here  t h e  sum i s  t a k e n  o v e r  a l l  t h e  s p a t i a l  mesh p o i n t s .
(k+1) u = , k+1. , kip. -  iJj. Yi  Yi
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Fig. 5. 2. ODETTA flow diagram
C a r r y ’ s m ethod i n v o lv e s  o b t a i n i n g  b e t t e r  a p p ro x im a t io n s  t o  
t h e  optimum f a c t o r  u)Q as  t h e  p r o c e s s  i s  c a r r i e d  o u t .  E very  few c y c l e s ,  
say  5 i n  o u r  c a s e ,  we recom pu te  w0 , t h e n  u se  f o r  t h e  f o l l o w i n g  5 c y c le s  
t h e  v a lu e  w hich  s h o u ld  e n s u r e  t h e  b e s t  r e l a t i o n s h i p  b e tw e en  t h e  norms 
u se d  and t h e  s p e c t r a l  r a d i u s .  When s u c c e s s i v e  e s t i m a t e s  o f  w0 do n o t  
change much t h e s e  a r e  u se d  f o r  t h e  r e m a in d e r  o f  t h e  p r o c e s s .
F ig u r e  5 .3  shows t y p i c a l  r e s u l t s  o b t a i n e d .  We have  p l o t t e d
t h e  norm  o f  ( 5 . 1 8 ) ,  w hich  s h o u ld  a l s o  be  a  m easu re  o f  t h e  a c c u r a c y  o f
t h e  r e s u l t s ,  a g a i n s t  t h e  number o f  i t e r a t i o n s  p e r fo rm e d .  These  r e s u l t s
2
a r e  f o r  t h e  i n v e r t e r  t r a n s i s t o r  w i t h  a  c u r r e n t  o f  25 A/cm , and w i t h  + 10V
on t h e  c o l l e c t o r .  T h is  i s  a d i f f i c u l t  c o m p u ta t io n a l  c a s e ,  and i s  t y p i c a l
o f  t h e  r e s u l t s  when such  a t r a n s i s t o r  i s  s u d d e n ly  p u l l e d  o u t  o f  s a t u r a t i o n
(k)as i n  s e c t i o n  5 . 3 . 2 .  The r e s u l t s  a r e  a d e q u a t e ly  a c c u r a t e  when u 
g e t s  down t o  t h e  r e g i o n  .001  -  .0 1 .  I t  i s  t h u s  s e e n  t h a t  c o m p u ta t io n  
t im e s  a r e  r e d u c e d  by a f a c t o r  o f  n e a r l y  2 .  T h is  o r d e r  o f  g a in  i n  s p e ed  
o f  c o m p u ta t io n  was a l s o  o b s e rv e d  in  t h e  t r a n s i e n t  r e s u l t s  d e s c r i b e d  
l a t e r .
5 . 2 . 2 .  S t a r t i n g  c o n d i t i o n s
A good s t e a d y  s t a t e  s o l u t i o n  i s  r e q u i r e d  t o  p r o v id e  t h e  
t r a n s i e n t  s t a r t i n g  c o n d i t i o n s .  T h is  i s  o b t a i n e d  as  f o l l o w s .  A f t e r  t h e  
d a t a  i s  r e a d  i n  t h e  s p a t i a l  mesh i s  s e t  up .  F a c i l i t y  i s  p r o v id e d  f o r  
u s in g  th e  mesh s p a c i n g  a v a i l a b l e  i n  th e  d o p in g  p r o f i l e  d a t a  o r  a l t e r n a t i v e l y  
a number o f  f i x e d  e q u i d i s t a n t  p o i n t s  may b e  u s e d .  An i n i t i a l  p o t e n t i a l  
e s t i m a t e  c o r r e s p o n d in g  t o  t h e  a p p l i e d  v o l t a g e s  a t  t im e  t  = 0 i s  
computed e x a c t l y  as i n  ODESSA. An " i n f i n i t e  s t e p "  a s  d e s c r i b e d  above 
th e n  g iv e s  a  s t e a d y  s t a t e  s o l u t i o n .  An optimum s p a t i a l  mesh d i s t r i b u t i o n  
i s  th e n  a u t o m a t i c a l l y  s e l e c t e d  b a s e d  on t h i s  s o l u t i o n  by t h e  p r o c e s s  
d e s c r i b e d  b e lo w . R e p e t i t i o n  o f  t h e  " i n f i n i t e  s t e p "  p r o c e d u r e  g iv e s  a  
s l i g h t l y  m o d i f ie d  (and  a ssu m ed ly  b e t t e r )  s t e a d y  s t a t e  s o l u t i o n  w h ich  
r e p r e s e n t s  t h e  s t a r t i n g  c o n d i t i o n s .
5 . 2 . 3  A u to m atic  mesh s e l e c t i o n
A p r o c e d u r e  REMESH i s  p r o v id e d  in  ODETTA w hich  g iv e s  a  
c o n t i n u o u s ly  v a r i a b l e  mesh d i s t r i b u t i o n  o p t im is e d  a c c o r d in g  t o  some 
c r i t e r i o n .  We have  chosen  t h e  c r i t e r i o n  t h a t  t h e  e l e c t r i c  f i e l d  
a c r o s s  e a ch  mesh s h o u ld  be  t h e  sam e, w h ich  seems r e a s o n a b l e ,  b u t  no 
g e n u in e  i n v e s t i g a t i o n  o f  t h e  p o s s i b i l i t i e s  h a s  been  made. (C h o o s in g  
e q u a l  s t e p s  i n  any o t h e r  f u n c t i o n  i n v o lv e s  rep rogram m ing  o n ly  one 
l i n e  o f  A l g o l ) .  U s ing  t h i s  c r i t e r i o n  p l u s  t h e  l i m i t a t i o n  t h a t  no  new 
mesh s h o u ld  be  more th a n  sa y  t h r e e  t im e s  i t s  o r i g i n a l  s i z e  t h e
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optimum d i s t r i b u t i o n  i s  s e l e c t e d  such  t h a t  t h e  t o t a l  number o f  meshes 
u sed  rem a in s  th e  same. Q u a d r a t i c  v a r i a b l e  i n t e r p o l a t i o n  c o m p le te s  th e  
p r o c e d u r e .
5 . 2 . 4  Time i n t e g r a t i o n
An i n i t i a l  t im e  s t e p  t  i s  r e a d  i n  and t h e  t r a n s i e n t  a n a l y s i s  
b e g i n s .  The SYSTEMSOLVE p r o c e d u r e  g ives»w hen  i t e r a t i o n  t o  c o n v e rg e n c e  
i s  c o m p l e t e , t h e  s o l u t i o n  a t  t im e  t . A l l  v a r i a b l e s  a r e  u p d a te d  t o  t h i s  
t im e  and  a  f u r t h e r  s t e p  t a k e n .  SYSTEMSOLVE a g a in  g iv e s  t h e  s o l u t i o n  and 
a s t e a d y  t im e  march p r o g r e s s e s  u n t i l  t h e  maximum t im e  r e q u i r e d  i s  a t t a i n e d ,  
when th e  a n a l y s i s  s t o p s .
Boundary c o n d i t i o n s . At e a c h  new p o i n t  in  t im e  o f  c o u r s e  new 
b o u n d a ry  c o n d i t i o n s  a p p ly .  We o b t a i n  t h e  c u r r e n t  V ^ C t )  and V ^ C t )  
from  th e  d a t a  f i l e  and a p p ly  t h e s e  v o l t a g e s  as  d e s c r i b e d  i n  c h a p t e r  2 .
S in c e  t h e  b o u n d a ry  v a lu e s  o f  n  and p a r e  assumed i n v a r i a n t ,  t h e  p o t e n t i a l
a t  x = 0 and x = L w i l l  t r a c k  t h e  q u a s i - F e r m i  p o t e n t i a l s  a t  t h e s e  p o i n t s ,  
w hich  s im p ly  move w i t h  t h e  a p p l i e d  v o l t a g e s .  In  o t h e r  w ords t h e  ch an g es  
i n  and V ^ a r e  a p p l i e d  d i r e c t l y  t o  \(Jq and In  p r a c t i c e  we a p p ly
t h e  f u l l  changes a t  t h e  end p o i n t s  and th r o u g h o u t  t h e  n+ r e g i o n s  o f  e m i t t e r  
and c o l l e c t o r .  An i n i t i a l  guess  o f  ip i s  th e n  o b t a i n e d  by  a p p ly i n g  a 
l i n e a r l y  d e c r e a s i n g  change th ro u g h  from t h e s e  r e g i o n s  t o  t h e  b a s e  c o n t a c t  
p o i n t ,  w hich  i s  l e f t  unchanged .
Time s t e p  s i z e s . I t  w ould  be  a d v a n ta g e o u s  t o  have  an a u to m a t i c  
s t e p  s i z e  p r o c e d u r e  b a s e d  on t h e  a c c u r a c y  o f  t h e  a n a l y s i s .  In  p r i n c i p l e
some s o r t  o f  s t e p  h a l v i n g  o r  d o u b l in g  p r o c e d u r e ,  p e rh a p s  b a s e d  on t h e
c o n s ta n c y  o f  t h e  t o t a l  c u r r e n t  d iv e r g e n c e  s h o u ld  n o t  be  d i f f i c u l t  b u t  we 
have  n o t  t r i e d  t h i s  due t o  l a c k  o f  t im e .  We u se  o n ly  a s im p le  a  p r i o r i  
t im e  s t e p  p r o c e s s  t h a t  p r e s e l e c t s  t h e  s t e p  s i z e  t o  m atch  a g iv e n  
maximum s t e p  s i z e  i n  V ^  o r  V ^ .  A f t e r  t h e  i n i t i a l  s t e p  t h i s  p r o c e s s  
t a k e s  e f f e c t ,  w i th  an o v e r a l l  maximum and minimum t im e  s t e p  s i z e  l i m i t a t i o n .
Time m o n i to r  p o i n t s . In  o r d e r  t o  s e e  t h e  e f f e c t  o f  t im e  
d e p e n d e n t  te rm s  d u r in g  an a n a l y s i s  i t  i s  u s e f u l  t o  lo o k  a t  t h e  s t e a d y  
s t a t e  s o l u t i o n  c o r r e s p o n d in g  t o  t h e  a p p r o p r i a t e  b o u n d a ry  c o n d i t i o n s .
T h is  i s  e a s i l y  a c h ie v e d  u s in g  th e  " i n f i n i t e  s t e p "  m ethod . W henever a 
p r e d e te r m in e d  p o i n t  i n  t im e  i s  p a s s e d  w here  we w ould  l i k e  t o  h a v e  t h e  
s t e a d y  s t a t e  s o l u t i o n ,  t h e  p rog ram  h o ld s  a l l  t h e  t r a n s i e n t  i n f o r m a t i o n ,  
s e t s  t =°° and computes t h e  r e s u l t .  A f t e r  t h i s  c a l c u l a t i o n  a l l  t h e  
v a r i a b l e s  a r e  r e s e t  t o  t h e i r  h e l d  v a lu e s  and t h e  a n a l y s i s  p r o c e e d s .
5 . 2 . 5  Output r e s u l t s
An a n l y s i s  o f  t h i s  k i n d  p r o v id e s  a l o t  o f  i n f o r m a t i o n .  We 
have  3 p r im a ry  v a r i a b l e s ,  n ,p ,i{ /,  p l u s  d e r i v e d  q u a n t i t i e s  su ch  as  J  ,
J p ,  U ,E , yn , y e t c .  , d e f i n e d  a t  p e rh a p s  200 p o i n t s  i n  s p a c e  and maybe 
50 p o i n t s  i n  t im e .  I t  i s  t h u s  e a s y  t o  o b t a i n  a  c o m p le te ly  u n a s s i m i l a b l e  
m oun ta in  o f  r e s u l t s ,  and i n t e r p r e t a t i o n  o f  t h e s e  i s  a  p r o j e c t  i n  i t s e l f .
One o b v io u s ly  i n t e r e s t i n g  r e s u l t  i s  t h e  s e t  o f  d e v ic e  t e r m i n a l  
c u r r e n t s  as  a  f u n c t i o n  o f  t im e .  C h a p te r  2 gave th e  d e f i n i t i o n  o f  t o t a l  
c u r r e n t  J ,
J ( x , t )  = Jn ( x , t )  + J p ( x , t )  -  e
3 J ( t )
8x 0
In  t h e  c a s e  o f  a  t r a n s i s t o r  t h e r e f o r e  we s h o u ld  have  two c o n s t a n t  
c u r r e n t s  w i th  a  d i s c o n t i n u i t y  a t  t h e  b a s e  c o n t a c t .  We c a l l  t h e s e  
J „  and J _ and d e f i n e  t h e  b a s e  c u r r e n t  asHj C
J B = J E _ J C
28E • 3 ib , , _ . _ . . , .
¥ t  1S ”  31 9x an n e e d s  2 p o i n t s  m  b o t h  s p a c e
and t im e  t o  p r o v id e  f i r s t  o r d e r  d i f f e r e n c e s .
We t a k e  t h e  s i m p l e s t  form
3E
3 t
i+ j[ , k+][
* i + l  ~ * i  
x i + l  "  x i
* i + l  ”  * i
x .  . -  x .  l + l  l
k+1
t o  d e f i n e  t h e  a v e ra g e  d i s p l a c e m e n t  c u r r e n t  te rm 3E8x
. . . ( 5 . 1 9 )  
o v e r  t h e  mesh
x^ t o  X£+^ and o v e r  t h e  t im e  s t e p  k t o  k  + 1 .  The t o t a l  c u r r e n t  J
m ust a l s o  be  d e f i n e d  o v e r  t h e  same r a n g e .  J  and J  a r e  c a l c u l a t e dp n
o v e r  a mesh w id th  b u t  n o r m a l ly  a t  one p o i n t  in  t im e ,  so t h a t  i t  i s  
n e c e s s a r y  t o  t a k e  an a v e ra g e  o f  two s u c c e s s i v e  p o i n t s .
J .i + \ ,k + |
f  _  \
J  + J  p n
W 4
+
i +2 »k
J  + J  i
P n J i + ! , k + l
»
rt 
1
i + £ , k + |
O th e r  i n t e r e s t i n g  r e s u l t s  depend on t h e  p ro b le m , f o r  exam ple  i n  t h e  
i n v e r t e r  t r a n s i s t o r  a l r e a d y  d e s c r i b e d , t h e  p - d i s t r i b u t i o n  in  t h e  
c o l l e c t o r  i s  most i m p o r t a n t ,  as  we s h a l l  s e e  in  s e c t i o n  5 . 3 . 2 .
5 .3  Some T y p ic a l  T r a n s i e n t  R e s u l t s
The m icrowave t r a n s i s t o r  and t h e  i n v e r t e r  t r a n s i s t o r  a l r e a d y  
d e s c r i b e d  a r e  now u se d  as  exam ples  o f  a p p ly in g  th e  ODETTA program .
No c la im s  a r e  made w i th  r e s p e c t  to  t h e  a b s o l u t e  a c c u r a c y  o f  t h e  r e s u l t s ,  
s i n c e  t h i s  depends on many p a r a m e te r s  such  a s  t im e  and s p a t i a l  s t e p  
s i z e s ,  co n v e rg e n c e  t o l e r a n c e s  e t c . ,  and a f u l l  e v a l u a t i o n  w ould  have  to  
be c a r r i e d  o u t .  However, some t e s t i n g  o f  t h e  e f f e c t  o f  su c h  p a r a m e te r s  
h a s  been  c a r r i e d  o u t ,  and we t h i n k  t h a t  f o r  most a p p l i c a t i o n s  t h e  
t o l e r a n c e s  u se d  i n  t h e  f o l l o w i n g  r e s u l t s  a r e  a d e q u a te .
In  a l l  t h e  r e s u l t s  p r e s e n t e d ,  t h e  f u l l y  i m p l i c i t  f o r m u la t io n  
3 = 1  h a s  been  u s e d .  We a l s o  t r i e d  t h e  C ra n k -N ic o ls o n  scheme w i t h  
3 = | ,  and found t h a t  i n  s lo w e r  t r a n s i e n t  c a s e s  t h e  c o n v e rg e n c e  was 
a b o u t  t h e  same w i t h  no v e ry  s i g n i f i c a n t  d i f f e r e n c e  in  t h e  r e s u l t s .
W ith t h e  f a s t e s t  t r a n s i e n t s ,  how ever ,  3 = 1  was a lm o s t  u n s t a b l e ,  
r e a c h i n g  s o l u t i o n  e v e n t u a l l y  b u t  w i t h  a  v i o l e n t  z i g - z a g  p a t t e r n .  We 
t h e r e f o r e  t h i n k  t h e  C ra n k -N ic o ls o n  scheme a l i t t l e  d a n g e ro u s  t o  u s e .
5 . 3 . 1  Microwave t r a n s i s t o r  r e s u l t s
The d e v ic e  i s  a g a in  t h a t  d e s c r i b e d  in  s e c t i o n  2 . 2 . 1 .  The 
m ost im p o r ta n t  f e a t u r e  o f  such  t r a n s i s t o r s  i s  t h e i r  sp e e d  o f  o p e r a t i o n .
We have  i l l u s t r a t e d  in  f i g u r e  5 . A a  s w i t c h - o f f  c h a r a c t e r i s t i c .  The 
e m i t t e r - b a s e  v o l t a g e  V ^ i s  changed  from  - 0 .7 8  V t o  - 0 . 7 3  V a lo n g  a 
l i n e a r  ramp i n  t h r e e  d i f f e r e n t  t im e  i n t e r v a l s .  R ead ing  from  t o p  t o  
b o t to m  o f  th e  f i g u r e  t h e  ramp i s  a p p l i e d  in  10 ^ , 10 ^  and 10 ^  s 
r e s p e c t i v e l y .  In  e ach  c a se  t h e  c o l l e c t o r - b a s e  v o l t a g e  V ^ i s  h e l d  
c o n s t a n t  a t  1 .0  V.
The c u rv e s  show t h e  r e s u l t a n t  c o l l e c t o r  c u r r e n t  as a  
f u n c t i o n  o f  t im e .  A lso  shown as  d a sh ed  l i n e s  a r e  t h e  s t e a d y  s t a t e  
r e s u l t s  c o r r e s p o n d in g  t o  t h e  a p p r o p r i a t e  p o i n t s  on t h e  v o l t a g e  ram p, 
so  t h a t  we may c o n s i d e r  t h e s e  as i n p u t  w avefo rm s. As e x p e c te d ,d i f f e r e n c e s  
b e tw een  i n p u t  and o u t p u t  b u i l d  up as t h e  ramp s p e e d s  become h i g h e r .
By th e  t im e  we r e a c h  t h e  lo w e r  f i g u r e ,  d e la y s  a r e  now c o n s i d e r a b l y  
l o n g e r  th a n  th e  ramp d u r a t i o n  so  t h a t  we have  v i r t u a l l y  a  s t e p  r e s p o n s e .
I t  i s  i n t e r e s t i n g  t o  n o t e  t h a t  t h e  d e la y s  o f  20 o r  30 p ic o s e c o n d s  
o b s e rv e d  a r e  v e ry  com parab le  w i t h  t h e  b a s e  t r a n s i t  t im e s  shown i n  f i g u r e  
A .7 o f  t h e  p r e v io u s  c h a p t e r .
I t  i s  a l s o  p o s s i b l e  t o  d r i v e  a . c .  p a r a m e te r s  o f  t h e
(28}t r a n s i s t o r  from  s t e p  r e s p o n s e s  . F ig u r e  5 .5  shows t h e  a m p l i tu d e  
F o u r i e r  t r a n s f o r m  o f  t h e  s t e p  r e s p o n s e .  T h is  g iv e s  an i n d i c a t i o n  o f  
t h e  f r e q u e n c y  r e s p o n s e  o f  t h e  d e v ic e  i n  t h i s  r e g io n  o f  o p e r a t i o n .
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Again c om par ison  w i t h  t h e  s t e a d y  s t a t e  r e s u l t  o f  t h e  p r e v i o u s  c h a p t e r  
show good a g re e m e n t ,  w i t h  c u t - o f f  f r e q u e n c ie s  o f  a few GHz.
These a r e  f a i r l y  e a sy  c o m p u ta t io n s  f o r  t h e  p ro g ra m  t o  h a n d l e ,
t h e  ramps o f  f i g u r e  4 .5  b e i n g  t r a v e r s e d  w i t h  com puter  t im e s  o f  a few
m in u te s  on o u r  ICL 1904S. A lso  t h e  r e s u l t s  do n o t  show any b e h a v io u r  
t h a t  i s  v e ry  d i f f e r e n t  from  t h a t  e x p e c t e d  from  c o n s i d e r a t i o n  o f  s t e a d y  
s t a t e  o r  q u a s i - t r a n s i e n t  b e h a v io u r .
5 . 3 . 2  I n v e r t e r  T r a n s i s t o r  R e s u l t s
A much more i n t e r e s t i n g  d e v ic e  from  th e  t r a n s i e n t  a n a l y s i s  
p o i n t  o f  v iew  i s  t h e  i n v e r t e r  t r a n s i s t o r  o f  s e c t i o n  2 . 2 . 2 .  The lo n g  
c o l l e c t o r  r e g i o n  o f  low d o p in g  means t h a t  t r a n s i e n t  e f f e c t s  i n  t h i s  
r e g io n  a r e  l a r g e ,  changes  a t  t h e  b o u n d a r i e s  t a k i n g  a  lo n g  t im e  to  
p r o p a g a te  th ro u g h  t h e  d e v ic e .  U n f o r t u n a t e l y  t h i s  same d e la y  i n  
p r o p a g a t io n  makes t h e  i t e r a t i v e  a n a l y s i s  p r o c e d u r e  much more d i f f i c u l t .  
Convergence  i s  much s lo w e r  th a n  t h e  p r e v i o u s  c a s e .  N e v e r t h e l e s s  t h e  
ODETTA prog ram  h a s  n o t  y e t  f a i l e d  t o  c o n v e rg e  any s i t u a t i o n  p r e s e n t e d  
to  i t  and seems t o  be  s t a b l e  u n d e r  a l l  r e a s o n a b le  c o n d i t i o n s .
As in  c h a p t e r  4 . 4 . 1  we s h a l l  exam ine th e  e f f e c t  o f  a  v o l t a g e
ramp on t h e  c o l l e c t o r  w hich  p u l l s  t h e  d e v ic e  o u t  o f  s a t u r a t i o n .  The 
t r a n s i e n t s  d e s c r i b e d  i n  t h a t  s e c t i o n  have  b e e n  computed and w ere  shown 
in  f i g u r e s  4 .1 1  -  4 .1 3  in  t h e  p r e v i o u s  c h a p t e r .  We now t a k e  a c l o s e r  
lo o k  a t  w hat i s  h a p p e n in g  u n d e r  t h e s e  c o n d i t i o n s .  The p r o f i l e  u se d  i s  
t h e  same as  b e f o r e  e x c e p t  t h a t  t h e  s m a l l  n+ r e g i o n  h a s  b e e n  l e f t  o f f  
t h e  end o f  t h e  c o l l e c t o r .  T h is  w i l l  have  no e f f e c t  on t h e  r e s u l t s  
d e s c r i b e d  h e r e  and was done f o r  c o n v e n ie n c e  i n  com paring  t h e s e  r e s u l t s  
w i th  work done by a c o l l e a g u e .
F ig u r e  5 .6  shows th e  d i s t r i b u t i o n  o f  h o l e s  in  t h e  c o l l e c t o r
ewitter
, f o r  a  number o f  v a lu e s  o f  V • , t h e  c o l l e c t o r - l s a s e  v o l t a g e  ( c f .  f i g u r e  * eft
4 . 9 ) .  The e m i t t e r - b a s e  v o l t a g e  i s  c o n s t a n t  a t  - 0 .7 6 5  V and  t h e  c u rv e s
shown r e p r e s e n t  s t e a d y  s t a t e  d i s t r i b u t i o n s  o f  p ,  o r  p o i n t s  on a v e ry
s lo w ly  v a r y i n g  V ^ ramp. The to p  c u rv e  c o r r e s p o n d s  t o  -  -0 .3 6 V
(V = + .405V ), i . e .  h e a v i l y  s a t u r a t e d .  In  t h i s  c a s e  t h e  ohmic r e g i o n  ce  3
o f  c o l l e c t o r  (where p << N^, in  t h i s  t r a n s i s t o r  1 .5  x 10 cm ) i s  
v i r t u a l l y  n o n - e x i s t e n t .  As V ^ i s  i n c r e a s e d  i n  s t e p s  o f  0 .5 3 4  V t h e  
s u c c e s s i v e  d i s t r i b u t i o n s  o f  p shown a r e  p ro d u c e d .  The ohmic r e g i o n  
s t e a d i l y  and n e a r l y  l i n e a r l y  i n c r e a s e s  u n t i l  a t  th e  f i n a l  v a lu e  shown,
V ^  = 7 .116  V th e  c o l l e c t o r  h a s  a lm o s t  c l e a r e d  o f  c h a rg e  and  become 
t o t a l l y  ohm ic . I f  t h e  p r o c e s s  i s  c o n t in u e d  th e n  when V ^  = 10 V o r  
so  c l e a r a n c e  i s  co m p le te  and a d e p l e t i o n  r e g i o n  s t a r t s  t o  grow a ro u n d
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t h e  c o l l e c t o r - b a s e  j u n c t i o n .  As we d i s c u s s e d  in  c h a p t e r  4 ,  rem oval 
o f  c h a rg e  from  t h e  c o l l e c t o r  c o n t r i b u t e s  t o  t h e  c o l l e c t o r  and b a s e
c u r r e n t s .  I f  t h e  p r o c e s s  i s  c a r r i e d  o u t  v e ry  s lo w ly ,  as h e r e ,  t h e
c o n t r i b u t i o n  i s  n e g l i g i b l e .  We s h a l l  now lo o k  a t  r e a l i s t i c  sp e ed  
c l e a r i n g  o f  t h e  c o l l e c t o r  t o  s e e  how th e  p r o c e s s  o p e r a t e s  i n  p r a c t i c e .
In  F ig u re  5 .7  V ^ h a s  b e e n  v a r i e d  from -  0 .36V t o
7 .116  V in  0 .7 y s .  The c u rv e s  r e p r e s e n t  t h e  p - d i s t r i b u t i o n s  w i t h  
0 .0 5  ys t im e  s t e p s  u se d  in  t h e  a n a l y s i s .  Again i s  -0 .7 6 5 V  so  t h a t  
t h e s e  c u rv e s  have  a d i r e c t  o n e - t o - o n e  c o r r e s p o n d e n c e  w i t h  f i g u r e  5 .6  
The t r a n s i e n t  e f f e c t s  show up as  a  " s t i c k i n g "  o f  t h e  c h a rg e  i n  t h e  
m id d le  o f  t h e  c o l l e c t o r .  The ends o f  t h e  d i s t r i b u t i o n  s t a r t  moving 
im m e d ia te ly  as  in  t h e  s t e a d y  s t a t e  c a s e ,  b u t  t h e  h o l e s  rem a in  
s t a t i o n a r y  rem ote  from  t h e  c o n t a c t s ,  r e s u l t i n g  in  t h e  bowed d i s t r i b u t i o n  
c u rv e s  shown. Not as  much c h a rg e  i s  t h e r e f o r e  l o s t  a s  w ould  b e  
e x p e c t e d ,  showing why t h e  q u a s i - t r a n s i e n t  s p ik e s  o f  f i g u r e  4 .1 1  do 
n o t  a p p e a r .  Comparing f i g u r e s  5 .7  and 5 .6  one can a l s o  s e e  a  l a g  b u i l d i n g  
up. When V ^ i s  7 .116V , t h e  p o i n t  w here  t h e  c o l l e c t o r  becomes ohmic 
h a s  advanced  t o  33 ym, compared w i t h  27 ym i n  t h e  p r e v i o u s  c a s e .
T hese  e f f e c t s  a r e  shown more s t r o n g l y  in  t h e  n e x t  c a s e ,  
f i g u r e  5 . 8 .  Here t h e  t im e  s t e p s  c o r r e s p o n d in g  t o  t h e  c u rv e s  a r e  t h e  
same as  i n  t h e  p r e v i o u s  f i g u r e ,  b u t  t h e  v o l t a g e  ramp a p p l i e d  t o  t h e  
c o l l e c t o r  i s  tw ic e  as  s t e e p ,  2 1 .3 6  V /ys i n s t e a d  o f  1 0 .6 8  V /y s .  Thus 
e a c h  s u c c e s s i v e  cu rv e  o f  f i g u r e  5 . 8  c o r r e s p o n d s  t o  e a c h  s u c c e s s i v e  
c u rv e  o f  f i g u r e  5 .7  as f a r  a s  r e a l  t im e  i s  c o n c e rn e d ,  b u t  o c c u r s  a t  
t h e  same v a lu e  o f  V ^ as  e v e ry  o t h e r  c u rv e  o f  f i g u r e  5 . 7 .  To make 
c o m par isons  e a s i e r  t h e  a n a l y s i s  h a s  a l s o  b e e n  c a r r i e d  o u t  w i t h  t im e  
s t e p s  o f  0 .0 2 5  y s .  These r e s u l t s  a r e  shown i n  f i g u r e  5 . 9 ,  w h ich  
now c o r r e s p o n d s  on a  o n e - t o - o n e  b a s i s  w i t h  f i g u r e  5 .7  (and  o f  c o u r s e  
f i g u r e  5 .6 )  w i t h  r e s p e c t  t o  c o l l e c t o r  v o l t a g e .  The c o l l e c t o r  c h a rg e  
i s  s e en  t o  " s t i c k "  more w i th  t h e  f a s t e r  ram p, and t h e  l a g  i n c r e a s e ,  t h e  
ohmic t r a n s i t i o n  p o i n t  h a v in g  now r e a c h e d  a b o u t  39 ym f o r  V ^ « 7 .116V .
F ig u r e s  5 . 8  and 5 .9  a l s o  show t h e  e f f e c t  o f  d e c r e a s i n g  t h e  
s t e p  s i z e  in  t h e  a n a l y s i s .  As d i s c u s s e d  in  s e c t i o n  5 . 2 . 3  o u r  s t e p  s i z e  
p r o c e d u r e  i s  a  s im p le  p r e d e t e r m i n a t i o n  b a s e d  on v o l t a g e  change  so  t h a t  
a  l i n e a r  ramp as a n a ly s e d  h e r e  u s e s  c o n s t a n t  t im e  s t e p s ,  0 .0 5  and 
0 .0 2 5  ys r e s p e c t i v e l y .  I t  can  be  s e e n  t h a t  c o r r e s p o n d in g  c u r v e s  i n  t h e  
two f i g u r e s  a r e  f a i r l y  c l o s e ,  and  in  t h e  a b se n c e  o f  a  q u a n t a t i v e  
e v a l u a t i o n  we may sa y  t h a t  such  s t e p s  p r o v id e  r e a s o n a b ly  a c c u r a t e  r e s u l t s . 
(H a lv in g  t h e  s t e p  a g a in  a l t e r s  f i g u r e  5 .9  b y  a v e ry  s m a l l  amount i n d e e d ) .
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R e tu r n in g  t o  t h e  com parison  o f  t h e s e  t h r e e  ram ps, t h e  v e ry  s low  
c a s e  o f  f i g u r e  5 . 6 ,  and t h e  r e a l i s t i c  t r a n s i e n t s  o f  f i g u r e s  5 .7  and 5 . 9 ,  
we may lo o k  a t  t h e  t e r m i n a l  c u r r e n t s  o f  t h e  d e v ic e .  F ig u r e  5 .1 0  shows 
t h e  c o l l e c t o r  c u r r e n t s .  The u p p e r  c o n t in u o u s  c u rv e  ( I I )  shows th e  
f a s t  ram p, c o r r e s p o n d in g  t o  f i g u r e  5 . 9 ,  and t h e  lo w er  ( I )  t h e  s lo w e r  
ram p, as  f i g u r e  5 . 7 .  A lso  p l o t t e d  as dash ed  l i n e s  a r e  t h e  e m i t t e r  
c u r r e n t s  i n  t h e  two c a s e s ,  a g a in  w i th  the u p p e r  c u rv e  ( I I )  c o r r e s p o n d in g  t o  
t h e  f a s t e r  c a s e .  F o r  s i m p l i c i t y  o f  r e s u l t  i n t e r p r e t a t i o n  t h e s e  ru n s  have  
b e e n  c a r r i e d  o u t  w i t h  z e ro  r e c o m b in a t io n ,  a l t h o u g h  we d e m o n s t r a te  i n  t h e  
n e x t  s e c t i o n  c a p a b i l i t y  o f  d e a l i n g  w i t h  h ig h  r e c o m b in a t io n  c u r r e n t s . F o r  
a  v e ry  s low  ramp, t h e  c o l l e c t o r  and e m i t t e r  c u r r e n t s  a r e  more o r  l e s s  
e q u a l ,  so we have  n o t  p l o t t e d  t h e  s low  c a s e .  The d i f f e r e n c e  b e tw een  each  
c o l l e c t o r  and e m i t t e r  c u r r e n t  th u s  i l l u s t r a t e s  t h e  m ag n i tu d e  o f  t r a n s i e n t  
e f f e c t s .  We s e e  t h e  e x p e c t e d  p i c t u r e ,  w i t h  a  m odest t r a n s i e n t  c o n t r i b u t i o n  
in  t h e  s lo w e r  c a s e  b u t  a  lo n g  " t a i l " ,  and a  c u r r e n t  component as  l a r g e  as 
t h e  s t e a d y  s t a t e  c u r r e n t  i n  th e  f a s t e r  c a s e ,  d e c a y in g  much more q u i c k l y .
In  b o th  c a s e s  t h e  i n t e g r a l  o f  t h e  t r a n s i e n t  component o f  c u r r e n t  w i th  
r e s p e c t  t o  t im e  m ust b e  t h e  same, e q u a l  t o  t h e  t o t a l  c h a rg e  s t o r e d  as  
shown by th e  i n i t i a l  l i n e  o f  t h e  p - d i s t r i b u t i o n  g ra p h s .
F i n a l l y  we lo o k  a t  a  more r e a l i s t i c  c a s e  from  t h e  c i r c u i t  
p o i n t  o f  v iew . As t h e  c o l l e c t o r  v o l t a g e  i s  i n c r e a s e d  t o  p u l l  t h e  d e v ic e  
o u t  o f  s a t u r a t i o n  th e  e m i t t e r - b a s e  v o l t a g e .V  ^ i s  s i m u l t a n e o u s l y  d e c r e a s e d  
to  s w i tc h  t h e  d e v ic e  o f f .  The f a s t e r  ramp o f  2 1 .3 6  V /ys  i s  a g a in  u se d  
f o r  Vcb as i n  f i g u r e  5 .9  and Vgb i s  i n c r e a s e d  a t  a r a t e  o f  0 .2 5  V /y s .
F ig u re  5 .1 1  shows t h e  r e s u l t i n g  p - d i s t r i b u t i o n .  The s t e p s  a r e  0 .0 2 5  
ys so  t h e  c u rv e s  c o r r e s p o n d  in  t im e  and V^b v a lu e  w i t h  f i g u r e  5 . 9 .  We 
se e  in  t h i s  c a s e  t h e  p - c o n c e n t r a t i o n  a t  t h e  b a s e - c o l l e c t o r  j u n c t i o n  d rop  
t o  z e ro  b e f o r e  t h e  c h a rg e  h a s  c l e a r e d  from  t h e  c o l l e c t o r .  The t r a n s i t i o n  
t o  ohmic c o l l e c t o r  moves a lo n g  from  th e  c o l l e c t o r  c o n t a c t  as  b e f o r e ,  
s low s down, th e n  t u r n s  round  and b e g in s  m oving b a c k  a g a in .  The r e s u l t i n g  
c o l l e c t o r  c u r r e n t  i s  shown in  f i g u r e  5 .1 2  as th e  lo w er  c o n t in u o u s  c u rv e  
( I I I ) .  We s e e  t h a t  a l t h o u g h  th e  e m i t t e r  c u r r e n t ,  g iv e n  by t h e  lo w e r  
dash ed  c u rv e  ( I I I )  d e c r e a s e s  q u i c k l y  t o  z e r o ,  t h e r e  i s  a  l a r g e  t r a n s i e n t  
" b l i p "  o f  c o l l e c t o r  c u r r e n t  w i th  a  w id th  o f  some 0 . 3  y s ,  o f  t h e  o r d e r  o f  
t h e  c o l l e c t o r  t r a n s i t  t im e .  A lso  r e p e a t e d  in  f i g u r e  5 .1 2  f o r  e a s e  o f  
com parison  a r e  t h e  t e r m i n a l  c u r r e n t s  f o r  c o n s t a n t  e m i t t e r - b a s e  v o l t a g e  
from  f i g u r e  5 .1 0  ( I I ) .
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C om pu ta t ions  o f  t h i s  ty p e  p r o v id e  t h e  s e m ic o n d u c to r  
e n g in e e r  w i th  a  means o f  e x a m in in g  in  d e t a i l  t h e  p r o c e s s e s  o c c u r r i n g  
d u r in g  t r a n s i e n t s .  P u l s e s  o f  c u r r e n t  l i k e  t h a t  i n  F i g u r e  5 .1 2  p r e s e n t  
w e ll-know n  p rob lem s t o  c i r c u i t  d e s i g n e r s  b u t  no a p p ro x im a te  a n a l y s i s  
p r e d i c t s  a n y th in g  l i k e  t h e  c h a rg e  d i s t r i b u t i o n s  e n c o u n te r e d .
T r a n s i e n t  a n a ly s e s  l i k e  t h o s e  d e s c r i b e d  consume a b o u t  one 
h o u r  o f  p r o c e s s o r  t im e  on t h e  ICL 1904S m ach ine .  No a t t e m p t  h a s  b een  
made t o  o p t im is e  t h e  s y s te m  and c e r t a i n l y  one w ould  e x p e c t  t o  be  a b l e  
t o  im prove on t h e s e  r u n n in g  t im e s  i f  r e q u i r e d  ( e . g .  r e w r i t i n g  in  
FORTRAN w ould  p e rh a p s  g a in  a f a c t o r  2 ) .  '
5 .4  R ecom bina tion  and H ig h e r  O rder  M a t r ix  Methods
In  c h a p te r  5 .1  we m en t io n e d  how t h e  r e c o m b in a t io n  te rm  was 
d e a l t  w i th  by s im p ly  a ssum ing  th e  known v a lu e  from  t h e  p r e v i o u s  
i t e r a t i o n .  We now look  a t  t h e  p o s s i b i l i t y  o f  rem oving  t h i s  r e s t r i c t i o n  
and c a l c u l a t i n g  U s im u l t a n e o u s l y  w i t h  n  and p .  E q u a t io n s  ( 5 .1 2 )  
and ( 5 .1 3 )  g iv e
j  - i+ 1
A. n .  i + B. n .  + C. n .  = T w. (U ) -  (fl ) . . ( 5 . 2 0 )
i  l - l  l  i  l  l + l  * _ . n i n .  n .
J “ 1 -1  J i
F o r  s o l u t i o n  o f  t h i s  s e t  o f  s im u l ta n e o u s  l i n e a r  e q u a t i o n s  i n  n ,  we m ust
know Un and ftn . The l a t t e r  c o n s i s t s  o f  i n f o r m a t io n  from  t h e  p r e v i o u s
t im e  p o i n t  o n ly  and i s  t h e r e f o r e  known, b u t  U i s  a  n o n - l i n e a r  f u n c t i o nn
o f  n  and p .  One s o l u t i o n  i s  t o  c o n s i d e r  U known, i . e .  t o  u s e  t h e  m ostn
r e c e n t l y  o b t a i n e d  v a lu e  o f  a s  d e s c r i b e d  above . A more a c c u r a t e  s y s te m  
can be  f o r m u la t e d  by l i n e a r i s i n g  t h e  r e c o m b in a t io n  a s  f o l l o w s .  (The 
S hock ley -R ead  model i s  u se d  as  an exam ple -  s e e  s e c t i o n  2 . 5 ) .
E q u a t io n  ( 2 .2 6 )  gave th e  r e c o m b in a t io n  U as  a  f u n c t i o n  o f
n , p ,  c a r r i e r  l i f e t i m e s  t , t and t h e  e n e rg y  l e v e l  o f  t h e  t r a p p i n g  
rp ^  P
c e n t r e s  <{> :
U(x ,t)  = — ----------------------n ( x , t )  P ( x , t )  -  1----------   - (5  21)
xp | n ( x , t )  + e T |  + Tn  I  p ( x , t )  + e  T|
I f  we c o n s id e r  an i t e r a t i v e  p r o c e d u r e  w hich  computes n  and p ,  we 
may c o n s i d e r  U c h a n g in g  from  th e  mth c y c l e  t o  t h e  (m + l) th  c y c l e  in  
te rm s  o f  t h e  changes i n  n  and p .  Then we have
and t h e  h i g h e r  o r d e r ,  te rm s  may be  n e g l e c t e d  i f  t h e  c hanges  i n  n and p 
a r e  s m a l l .
D i f f e r e n t i a t i o n  o f  ( 5 .2 1 )  g iv e s
3n
3U
9P.
xp (n + e ) + Tn (p + e )
n  -  U tn
t (n + e ) + t ( p ' + e )
. . ( 5 . 22 )
and we have 
Dm+1 m+1 f9U]
m m+1 faul m faul fauln [an]
+ P
19p J
+ U -  n an "  P U p J
-im
. . ( 5 . 2 3 )
w here  e v e r y t h i n g  w i t h  t h e  s u p e r s c r i p t  m i s  known from  t h e  p r e v i o u s  
c y c l e .
The known c o e f f i c i e n t s  o f  n  i n  e q u a t i o n  ( 5 .2 0 )  may th e n  be  
m o d i f ie d  by  th e  c o n t r i b u t i o n  from  ( 5 .2 3 )  g i v in g
j = i + l
(A ) n .  ■+ (B ) n .  + (C ) n .  , + T P . p .  = -  (£2f ) . . ( 5 . 24 )v n'* l - l  v n'  • l  v n .  l + l  . v - l  n  .1 l i  j = i - l  l
w i t h  A = A + w. - n  l - l
'au'
3n
m
e t c .
T h is  no  l o n g e r  p r o v id e s  a  s im p le  t r i d i a g o n a l  m a t r i x  o f  
c o e f f i c i e n t s .  One way o f  ove rcom ing  t h i s  i s  t o  make t h e  a s su m p t io n  t h a t  
when we a r e  com puting  n ,  U changes  o n ly  as a  r e s u l t  o f  changes  i n  n ,  
and s i m i l a r l y  when com puting  p ;  i . e .  as  f a r  as  s o l u t i o n  o f  t h e  n - e q u a t i o n s  
i s  c o n c e rn e d
+1 m ( m+1 m. U + (n -  n  ) auan
m
. .  ( 5 .2 5 )
Then t h e r e  a r e  no c o e f f i c i e n t s  o f  p i n  e q u a t i o n  ( 5 .2 4 )  and t h e  t r i d i a g o n a l
m+Xscheme o f  s e c t i o n  3 .1 ,  may b e  u s e d .  H aving  computed n  t h e r e  i s  no
p ro b le m  w i t h  t h e  p - e q u a t i o n s  form  o f  ( 5 . 2 4 ) .
j = i + l
(A ) p .  - + (B ) p .  + (C ) p . . n + T N. n .  = - ( f t T ) . . ( 5 . 2 6 )p .  * i - l  p . * i  P . l + l  . 4 * ,  1 1  P -r  l  i  i  j = i - l  r  i
m+1The v a lu e s  o f  i u  a r e  known and may b e  moved o v e r  t o  t h e  r i g h t
hand  s i d e  o f  t h e  e q u a t i o n  and i n c l u d e d  i n  t h e  c o n s t a n t .  (We
c o u ld  e q u a l l y  a s  w e l l  make t h e  a p p ro x im a t io n  o f  5 .2 5  w i t h  r e s p e c t
t o  t h e  p - e q u a t i o n s ,  th e n  s o lv e  t h e  n - e q u a t i o n s ,  o r  p e rh a p s  a l t e r n a t e
b e tw een  th e  two e a ch  i t e r a t i o n ) .
T h is  s im p le  " s e m i - l i n e a r i s a t i o n "  t e c h n iq u e  c o s t s  l i t t l e  t o
im plem ent i n  a  p ro g ram  and i s  c la im e d  t o  im prove c o n v e rg e n c e  a t  h ig h
(28)r e c o m b in a t io n  r a t e s  . B e fo re  p r e s e n t i n g  o u r  c o n c lu s i o n s  on t h i s  we 
w i l l  now move on to  a  f u l l y  s im u l ta n e o u s  s o l u t i o n .
F o r  s i m p l i c i t y ,  c o n s i d e r  t h a t  t h e  sum in  e q u a t i o n  ( 5 .2 3 )  
i s  e v a l u a t e d  a c c o r d in g  t o  t h e  c e n t r a l  v a lu e  fo rm u la  o f  s e c t i o n  3 .2  and 
w r i t e  (5 .2 4 )  as
(A ) n .  , + (B ) n .  +(C ) n . . -  + P . p .  = -  (ft* ) . . ( 5 . 2 7 )n  . l - l  n  . i  n  . l + l  i  * i  n .
i  l  l  l
The c o r r e s p o n d in g  p - e q u a t i o n s  a r e
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I f  we now w r i t e  down th e  M n - e q u a t i o n s  and M p - e q u a t i o n s  
a l t e r n a t e l y  we g e t  a  s im u l ta n e o u s  s e t  o f  2M e q u a t i o n s  w i t h  c a r r i e r s  as
v a r i a b l e s  ( a l t e r n a t e l y  n and p ) . T h is  can b e  w r i t t e n  as a  q u i n d ia g o n a l
m a t r i x  (band  m a t r i x  w i th  4 c o - d i a g o n a l s )  as  shown on t h e  n e x t  p a g e .
I f  t h i s  band  m a t r i x  i s  i n v e r t e d  th e n  we h a v e  s o lv e d  
s im u l t a n e o u s l y  f o r  n , p ,  and U, o r  a t  l e a s t  t h e  l i n e a r  a p p ro x im a t io n  
to  t h e  change in  U. N ote  h e r e  t h a t  i f  t h e  s i m p l i f y i n g  a s s u m p t io n  in  
( 5 .2 7 )  o f  a  c e n t r a l  v a lu e  i n t e g r a t i o n  fo rm u la  had  n o t  b een  u s e d  th e n  
ea ch  o f  t h e  e q u a t i o n s  (5 .2 7 )  w ould  c o n ta i n  te rm s  i n  P£_£> P£ and P£+£> 
and s i m i l a r l y  w i th  ( 5 . 2 8 ) .  T h is  means t h a t  t h e  m a t r i x  i n  ( 5 .2 9 )  
would  c o n ta i n  n o n - z e r o  e n t r i e s  i n  7 d i a g o n a l s  i n s t e a d  o f  5 .  S in c e  we 
a re  d i s c u s s i n g  t h e  a c c u r a c y  in  a  c o r r e c t i o n  te rm  th e  s l i g h t  im provem ent 
o b t a i n a b l e  does n o t  w a r r a n t  t h e  e x t r a  s t o r a g e  and c o m p u ta t io n a l  e f f o r t .
A v e r s i o n  o f  ODETTA was w r i t t e n  w i t h  a  q u i n d ia g o n a l  b a n d  
m a t r i x  p r o c e d u r e  i n c o r p o r a t e d  ( t h e  p r o c e d u r e  CARRIERS i s  r e p l a c e d  by 
t h a t  g iv e n  in  A ppendix  A6. 3 ) .  F o r  c o m p a ra t iv e  p u r p o s e s  a  " s e m i -  
l i n e a r i s e d np ro g ram  was a l s o  t e s t e d .  A s a t u r a t e d  i n v e r t e r  t r a n s i s t o r

t r a n s i s t o r  was u se d  as  an exam ple and th e  l i f e t i m e  x (= x = x i n
n Pe q u a t i o n  ( 5 .2 1 ) )  r e d u c e d  u n t i l  t h e  p rogram s w ould  no  lo n g e r  c o n v e rg e .
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The n o rm a l  p rog ram  co n v e rg e d  w i t h  x=3 x 10 s b u t  w ould  
n o t  c o n v e rg e  when x = 2 x 10 ^ s .  No s p e c i a l  c a r e  had  t o  b e  t a k e n  as
lo n g  as t h e  l i f e t i m e  was g r e a t e r  t h a n  t h i s  c r i t i c a l  v a l u e .  The
. - 7  - 7s e m i - l i n e a r i s e d  p rog ram  coped w i t h  2 x  10 s b u t  n o t  w i t h  10 s .  The
_8 —8 
q u in d ia g o n a l  p rog ram  co n v e rg e d  4 x  10 s b u t  n o t  3 x  10 s .  Roughly
s p e a k in g  we may r e p r e s e n t  t h e i r  a r e a s  o f  o p e r a t i o n  as  shown i n  f i g u r e
5 .1 3 .
The c o n v e rg e n c e  p r o p e r t i e s  o f  t h e  Gummel a l g o r i t h m  have
(29)b e e n  exam ined m  th e  l i t e r a t u r e  . I t  was shown t h a t  t h e  c o r r e c t i o n  
ty p e  m ethod n o r m a l ly  u se d  i n  0DETTA s h o u ld  b r e a k  down a t  a  c r i t i c a l  
l i f e t i m e  g iv e n  by
-4  2 . . .
Tc r i t  = L '^s '» w^ e r e  ^  1S a t y p i c a l  d e v ic e  l e n g t h  m
ym. I t  i s  n o t  c l e a r  e x a c t l y  w hat L r e f e r s  t o  b u t  i f  we c o n s i d e r  in  
f i g u r e  4 .8  t h e  r e g i o n  w here  np i s  s i g n i f i c a n t  th e n  60 ym w ould  seem a 
r e a s o n a b le  v a l u e .  T h is  g iv e s  Tc r £t  = 0*36 y s ,  i n  good ag re e m e n t  w i t h  t h e  
o b s e r v a t i o n s .  I t  i s  s e e n ,  t h e r e f o r e ,  t h a t  a  s i g n i f i c a n t  i n c r e a s e  in  
c o n v e rg en ce  ran g e  can  be  o b t a i n e d  u s in g  th e  q u i n d ia g o n a l  m ethod .
However, t h i s  r e q u i r e s  more com puter  s t o r a g e  and to o k  a b o u t  tw ic e  as  
lo n g  t o  ru n  a s  t h e  n o rm a l  p rog ram . I t  i s  t h e r e f o r e  recommended t h a t  
t h e  c o r r e c t i o n  m ethod be  u se d  f o r  i t s  i n c r e a s e d  e f f i c i e n c y  w here  l a r g e  
r e c o m b in a t io n s  a r e  n o t  i n v o lv e d .  The s e m i - l i n e a r i s e d  m ethod i s  a 
l i t t l e  a r t i f i c i a l  in  c o n c e p t  and g iv e s  m a r g in a l  a d v a n ta g e s ,  so  h a s  
n o t  b een  a c c e p te d  in  t h i s  w ork .
As a  f i n a l  comment on h i g h e r  o r d e r  m a t r i x  m ethods we may 
c o n s i d e r  t r y i n g  t o  g e t  r i d  o f  t h e  a l t e r n a t i o n  b e tw een  p o t e n t i a l  
c o m p u ta t io n  and c a r r i e r  c o m p u ta t io n  i n h e r e n t  i n  a l l  t h e  w ork d e s c r i b e d  
in  t h i s  t h e s i s .  I t  seems p o s s i b l e  t h a t  one m igh t l i n e a r i s e  t h e  c a r r i e r  
e q u a t i o n s  so t h a t  t h e  v a r i a b l e s  w ere  Sn, 6p , and 6i{/ . U nder t h e s e  
c i r c u m s ta n c e s  i t  s h o u ld  be  p o s s i b l e  t o  s e t  up a band  m a t r i x  s y s te m  t o  
s o lv e  s im u l t a n e o u s l y  f o r  a l l  t h e  c h a n g e s .  T h is  would  p r o b a b l y  i n v o lv e  
a  n i n e -  o r  e l e v e n - d i a g o n a l  s y s te m ,  and m igh t  g iv e  r i s e  t o  a  b e t t e r  
a lg o r i t h m ,  a l t h o u g h  d i f f i c u l t i e s  have  b een  e x p e r i e n c e d  when t h e  
e x p o n e n t i a l s  in  t h e  c a r r i e r  e q u a t i o n s  a r e  l i n e a r i s e d  in  Gummel’s a l g o r i t h m  
No work h a s  b e e n  c a r r i e d  o u t  i n  t h i s  d i r e c t i o n  a l t h o u g h  a  c o -w o rk e r  
in  t h e  f i e l d  i s  l o o k in g  a t  th e  p o s s i b i l i t i e s  .
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Fig. 5.13. Reckons of convergence por various program s.
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6 . CONCLUSIONS
T his  r e p o r t  h a s  p r e s e n t e d  p a r t  o f  t h e  c o n t r i b u t i o n  t o  t h e  
f i e l d  o f  fu n d a m e n ta l  t r a n s i s t o r  m o d e l l i n g  made a t  M u l la rd  R e s e a rc h  
L a b o r a t o r i e s ,  w hich  h a s  c u lm in a te d  i n  t h e  p r o d u c t i o n  o f  two com pute r  
p ro g ra m s .
ODESSA (One D im en s io n a l  E x a c t  S tead y  S t a t e  A n a l y s i s )  u s e s  
an i n t e g r a l  e q u a t i o n  m ethod a lo n g  t h e  l i n e s  o r i g i n a l l y  d e s c r i b e d  by  
Gummel. A w o rk in g  v e r s i o n  o f  t h i s  p ro g ra m  was p ro d u ce d  a t  an e a r l y  
s t a g e  o f  t h e  p r o j e c t ,  e n a b l i n g  c o l l e a g u e s  t o  i n v e s t i g a t e  b o t h  t h e  
p h y s ic s  o f  s e m ic o n d u c to r  d e v ic e s  and t h e i r  o v e r a l l  p e r fo rm a n c e .
As a r e s u l t  t h e  p r o g ra m 'h a s  been  d e v e lo p e d  i n t o  a s o p h i s t i c a t e d  
m o d e l l in g  t o o l ,  p r o v i d i n g  a g r e a t  v a r i e t y  o f  o u t p u t  r e s u l t s  d e p e n d in g  
on th e  a p p l i c a t i o n .  As t h e  know ledge o f  t h e  p h y s ic s  im p ro v e d ,  t h i s  was 
b u i l t  i n t o  ODESSA, w i t h  p a r t i c u l a r  em phas is  on u n d e r s t a n d in g  and 
f o r m u la t in g  t h e  m echan ics  o f  c a r r i e r  m o b i l i t y .  C h a p te r  2 d e s c r i b e d  th e  
c o n c lu s io n s  o f  t h i s  w ork and how t h e  f o r m u la t io n s  a p p ly  t o  t h e  
m o d e l l in g  p ro g ram . The d e ve lopm en t o f  ODESSA was d i s c u s s e d  i n  c h a p t e r  
4 ,  and some exam ples  o f  i t s  a p p l i c a t i o n  g iv e n .  In  p a r t i c u l a r  a 
m icrowave t r a n s i s t o r  and an i n v e r t e r  t r a n s i s t o r  w ere  exam ined .
I t  w i l l  b e  a p p a r e n t  from  t h e  r e s u l t s  e x p r e s s e d  i n  c h a p t e r  4 
t h a t  g e n e r a l l y  t h e  s t e a d y  s t a t e  p rog ram  i s  much more u s e f u l  a s  a  t o o l  
f o r  ex a m in in g  th e  s m a l l  m icrowave t r a n s i s t o r  th a n  t h e  l a r g e  h e a v y - d u ty  
d e v ic e .  Most o f  t h e  i n f o r m a t io n  w h ich  i s  o f  i n t e r e s t  i n  t h e  s m a l l  d e v ic e  
i s  d i r e c t l y  a v a i l a b l e  from a few ODESSA r u n s .  T h is  i s  o f  c o u r s e  b e c a u s e  
o f  t h e  ways in  w hich  th e  two t r a n s i s t o r s  a r e  u s e d .  In  v e r y  f a s t  c i r c u i t s  
we a r e  g e n e r a l l y  c o n c e rn e d  w i th  s m a l l  s i g n a l  p e r fo rm a n c e  c h a r a c t e r i s t i c s  
and o p e r a t e  a t  sp e e d s  w here  t r a n s i e n t  e f f e c t s  a r e  o f  m a r g in a l  
s i g n i f i c a n c e .  Im m ed ia te ly  we become i n t e r e s t e d  in  lo n g  c o l l e c t o r ,  
h ig h  c h a rg e  s t o r a g e  d e v ic e s  l i k e  t h e  i n v e r t e r  d e v i c e ,  h o w e v e r ,  t r a n s i e n t  
e f f e c t s  a r e  most i m p o r t a n t .  The r e s u l t  i s  t h a t  a s t e a d y  s t a t e  p rog ram  
g iv e s  v e ry  l i m i t e d  i n f o r m a t io n  in  t h i s  c a s e .
The i n t e g r a l  e q u a t i o n  m ethod c o u ld  n o t  be  e x te n d e d  t o  t h e  
t im e  d e p e n d en t  c a s e .  I t  was t h e r e f o r e  n e c e s s a r y  t o  s w i tc h  t o  t h e  f i n i t e  
d i f f e r e n c e  a p p ro a c h  o f  c h a p t e r  5 ,  w h ich  l e d  t o  t h e  d e v e lo p m en t  o f  t h e  
p rog ram  ODETTA (One D im en s io n a l  E x a c t  T r a n s i e n t  T r a n s i s t o r  A n a l y s i s ) .
T h is  p rog ram  c o n ta i n s  a l l  t h e  d e v e lo p m en ts  i n  t h e  p h y s i c s  i n c l u d e d  in  
t h e  l a t e s t  v e r s i o n s  o f  t h e  s t e a d y  s t a t e  p ro g ra m s ,  b u t  h a s  n o t  b e e n  
s t r e a m l i n e d  t o  q u i t e  such  an e x t e n t  from  th e  u s e r ’ s p o i n t  o f  v iew .
The t r a n s i e n t  p rog ram  h a s  been  found  t o  run  s a t i s f a c t o r i l y  u n d e r  a l l  
c o n d i t i o n s ,  and was a p p l i e d  t o  t h e  same two example t r a n s i s t o r s  as ODESSA.
In  t h e  c a s e  o f  t h e  m icrowave d e v ic e ,  n o t  much a d d i t i o n a l  
i n f o r m a t io n  was o b t a i n e d  on how i t  p e r f o r m s .  When we g e t  t o  t h e  sp e ed s  
a t  w hich  t r a n s i e n t  e f f e c t s  become i m p o r t a n t ,  t h e  u s e f u l  o p e r a t i n g  
r a n g e  o f  t h e  t r a n s i s t o r  h a s  i n  m ost c a s e s  b een  e x c e e d e d .  A f u r t h e r  
p o i n t  h e r e  i s  t h a t  i n  t h e  p ic o s e c o n d  t im e  s c a l e  t h e r e  m ust be  some 
do u b t  a b o u t  t h e  a p p l i c a b i l i t y  o f  th e  d i f f e r e n t i a l  e q u a t i o n s ,  and 
c l a s s i c a l  fo rm u la e  come i n t o  q u e s t i o n .  We r a i s e  t h i s  q u e s t i o n  b u t  do 
n o t  p u r s u e  i t .
ODETTA b e g in s  t o  show i t s  v a lu e  when a p p l i e d  t o  t h e  i n v e r t e r  
t r a n s i s t o r .  The d e v ic e  exam ined  h e r e  i s  j u s t  a b o u t  a s  f a r  from  t h e  
c l a s s i c a l  i d e a  o f  a  s y m m e tr ic a l ,  u n i fo rm  b a s e  s t r u c t u r e  as  i t  i s  
p o s s i b l e  t o  g e t ,  and p r o v id e s  a  r e a l l y  s e v e r e  t e s t  f o r  any m o d e l l i n g  
sy s te m . The exam ple  r e s u l t s  g iv en  show t h a t  n o t  o n ly  a r e  t r a n s i e n t  
e f f e c t s ’ im p o r ta n t  i n  t h e  no rm a l o p e r a t i o n  o f  t h i s  d e v i c e ,  b u t  th e y  
dom ina te  i n ,  f o r  e x a m p le ,  t e r m i n a l  c u r r e n t  c h a r a c t e r i s t i c s .  The c u rv e s  
g iv e n  i n  c h a p t e r  5 a r e  n o t  i n  any way p r e d i c t a b l e  by s t e a d y  s t a t e  m o d e l l i n g .  
Only a few r e s u l t s  a r e  g iv e n ,  b u t  one ho p es  t h a t  c o n s i d e r a b l e  u s e  o f  
ODETTA w i l l  now be* made t o  g iv e  an u n d e r s t a n d in g  o f  w hat h a p p e n s  i n  
d e v ic e s  l i k e  t h i s ,  and p e rh a p s  su c h  s i m i l a r  s t r u c t u r e s  as  h i g h  c u r r e n t /  
v o l t a g e  t h y r i s t o r s .
The two p rogram s a r e  w r i t t e n  i n  A l g o l ,  and s h o u ld  th u s  be  
f a i r l y  r e a d i l y  u n d e r s to o d  and im p le m e n ta b le  w i t h o u t  undue d i f f i c u l t y  
on a l t e r n a t i v e  m a c h in e s .  O p e r a t io n  o f  t h e  ODESSA s y s te m  i s  w e l l - t r i e d  
and r e a s o n a b ly  c h a r a c t e r i s e d .  The r a m i f i c a t i o n s  o f  a l t e r i n g  t h e  v a r i o u s  
p a r a m e te r s  o f  ODETTA a r e  n o t  known, how ever .  We n o t i c e d  t h a t  t h e r e  
seemed no p o i n t  i n  r e d u c in g  t im e  s t e p s  f u r t h e r  th a n  t h o s e  u s e d  i n  t h e  
a p p l i c a t i o n  e x a m p le s ,  b u t  no e f f o r t  h a s  b een  made t o  exam ine t h e  e f f e c t s  
on a c c u ra c y  o f  t h e  number o f  s p a t i a l  mesh p o i n t s  e t c .  T h e re  a r e  a l s o  
v a r i a b l e s  l i k e  t h e  " i m p l i c i t n e s s  f a c t o r "  0 w here  a v a lu e  0=1 h a s  
g e n e r a l l y  b een  u sed  a l t h o u g h  we m en t io n e d  t h a t  i n s t a b i l i t i e s  o c c u r r e d  
w i t h  0 = | in  t h e  f a s t e r  exam ples  g iv e n .  The d i s t r i b u t i o n  o f  mesh p o i n t s  
i s  a v a r i a b l e  e a s i l y  i n v e s t i g a t e d  u s in g  th e  a u to m a t ic  mesh s e l e c t i o n  
p r o c e d u r e  p r o v id e d .  Again  no work to w a rd s  d i s c o v e r i n g  t h e  optimum h a s  
b een  done.
These c h a r a c t e r i s a t i o n  e x e r c i s e s  a r e  i n t e r e s t i n g  and 
i m p o r t a n t ,  b u t  t h e  main advance  must now b e  on a p p l i c a t i o n .  We h a v e  
shown how th e  t r a n s i e n t  p e r fo rm a n c e  o f  t r a n s i s t o r s  may b e  e x p l a i n e d  in
te rm s  o f  w hat i s  h a p p e n in g  i n s i d e  t h e  d e v ic e .  I t  i s  now up t o  
s e m ic o n d u c to r  d e v ic e  p h y s i c i s t s  and e n g in e e r s  t o  u se  ODETTA i n  t h e  
same way as  t h e y  h av e  b een  u s in g  ODESSA t o  g a in  an u n d e r s t a n d in g  
o f  why t h e i r  t r a n s i s t o r s  beh av e  i n  t h e  way t h e y  d o ,  w i t h  t h e  a im  o f  
t h e n  m aking d e v ic e s  and c i r c u i t s  p e r f o r m  i n  a  r e q u i r e d  m anner.
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i n  t h i s  p r o j e c t .  G r a t e f u l  t h a n k s  a r e  a l s o  due t o  D r. L. M ansi ,  
U n i v e r s i t y  S u p e r v i s o r ,  and Mr. J .R .A .  B e a l e ,  I n d u s t r i a l  S u p e r v i s o r  
o f  t h e  p r o j e c t ,  f o r  t h e i r  u n f l a g g i n g  i n t e r e s t  and h e l p f u l  s u g g e s t i o n s .
On t h e  t e c h n i c a l  s i d e  many o f  t h e  a u t h o r 1s c o l l e a g u e s  m ust be  
m e n t io n e d .  F i r s t l y  a  g r e a t  d e b t  o f  g r a t i t u d e  i s  due t o  Dr. F . Berz 
and h e r  c o l l e a g u e s ,  Mrs. E. P y ra h  and M iss .  S. Head. As w e l l  as  b e in g  
r e s p o n s i b l e  f o r  t h e  deve lopm en t o f  t h e  p h y s i c s  u se d  and s o p h i s t i c a t i o n  
o f  t h e  s t e a d y  s t a t e  p ro g ra m , t h e i r  h e lp  and e n co u rag em en t  th r o u g h o u t  was 
i n v a l u a b l e .  Thanks a l s o  t o  Mr. R. B r id g en  and Mr. J .A .G .  S l a t t e r  f o r  
h e l p f u l  d i s c u s s i o n s ,  and t o  t h e  a u t h o r 1s c o l l e a g u e s  i n  P h i l i p s  R e s e a rc h  
L a b o r a t o r i e s ,  E in d h o v e n ,  H o l l a n d ,  p a r t i c u l a r l y  t o  Dr. J.W . S lo tboom  
a t  t h e  b e g in n i n g  o f  t h e  p r o j e c t .
F i n a l l y  t h e  a u th o r  i s  g r a t e f u l  f o r  t h e  p a t i e n c e  o f  
Mr. W.A. C r o s s le y  and h i s  com pute r  s t a f f  a t  M .R .L . , t o  Dr. N. Ream f o r  
r e a d i n g  t h e  m a n u s c r ip t  and f o r  t h e  c o n s c i e n t i o u s  e f f o r t s  by Mrs. A.M. 
F r a n c i s  i n  t y p i n g  a d i f f i c u l t  r e p o r t .
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APPENDIX A1 -  Summary o f  I n te g r a l  E quations
x =
A t r a n s i s t o r  i s  d e f i n e d  w i th  t h e  e m i t t e r  c o n t a c t  a t  
0 ,  b a s e  c o n t a c t  a t  x = B, and c o l l e c t o r  a t  x = L.
I . n - e q u a t i o n s
F o r  0 £ x <  L
J  ( x , t )  = n Rn ( v , t ) d v  +
- i b ( 0 , t )  - i K L , t )  
n ( 0 , t ) e  - n ( L , t ) e  -0
Yn ( x , t ) e Rn ( v , t ) d v d x
x Yn ( x , t ) e dx
and rL
n ( x , t )  =
\p ( x , t )  “  iK v , ' t )  ^ (x , t ) ~ i ( > (L , t )
dv + n ( L , t ) e
x
w here
Yn ( v , t )  Jn ( v , t ) e
Rn ( x , t )  = 5 a | | » £ l  + u (x > t)
I I .  p ~ e q u a t io n s
F o r  0 ^ x <  B
rx
J p ( x »t ) =
B
^ ( x , t )
x
Rp ( u , t ) d v
p ( 0 . t ^ e ^ ( 0 , t ) -  p ( E , t ) e 1>(B’ t ^ 1rp (!I’ t >e  O' y ^ ) d v d *
B
ip(x,t)
Yp(x ,t )e  dx
0
and
p ( x , t )  = - Yp( v , t )  J p ( v , t )e dv + p ( B , t ) e
4* (B j t ) ~ijj ( x , t )
x
J p ( x , t )
X
R p ( v , t )
^ ( B , t )  ^ ( L , t )
p ( B , t ) e  -  p ( L , t ) e  +B
ip (x ,t )
Yp(x, t ) e B
X
Rp ( v , t ) d v d x
Yp ( x , t ) e ^ ( x ’ t ) dx
and
p ( x , t )  = - Yp ( v , t )  Jp(v, t ) e
i|;(v, t ) - \ |> ( x , t )  i p ( L , t ) - i | j ( x , t )
dv + p ( L , t ) e
X
w here Rp ( x , t )  = + Up ( x , t )
APPENDIX A2. F i n i t e  D i f f e r e n c e  M a t r ix  C o e f f i c i e n t s
To s o lv e  t h e  t r i d i a g o n a l  m a t r i x  s y s te m  o f  e q u a t i o n s  g iv e n  by
( i  = 1 , 2 , 3 ,     n - 1  )A. a .  i + B .  a .  + C* a .  , » D. 
1 l - l  l i  i  l + l  l
w i th  t h e  b o u n d a ry  v a lu e s  oiq, an g iv enn
1) D e f in e  a u x i l i a r y  v e c t o r  v a r i a b l e s  E ^ , F^
2 )  E1 “  B p F1 “
D1 -  Al “ 0
3) E. =
C.l F. =
D. -  A .F . . l  l  l - l
l  B. -  A. ’ i  B. -  A .E . ,l  l  l i  l - l
(i = 2 , 3 , 4 ,  . . .  n - 1  )
4) a .  = F. -  E . a . , ,  l  l  i  l + l ( i  = n - 1 ,  n - 2 , ............  1.)
A2.1 ^ - e q u a t i o n s  ( a  above r e p l a c e d  by 6= -  i|jm )
A. =  --------------
i  x. -  x . , i  l - l
-  w. - f  (n .  i + p .  i ) l - l  l - l  r i - l
B. =l X .  - -  x .  x . -  x .  ,1 -1  1 1 1+1
- w .  f ( n .  -  p .  - N . )l  v l  * i  l
C.l x i +i  -  x i wi +i  f  (ni +i  + W
D.l
h  -  I ' i - i  ^ i + i  '  h
x .  -  x .  , 1 1-1 X .  -  -  X .1+1 1
j = i + l
+ T w. ( n . -  p . -  N.)
j = i - l  J J 3 P
(w’s a r e  d e f i n e d  in  A ppendix  A 3.)
A2.2 n - e q u a t i o n s  ( a  above r e p l a c e d  by n )
A. =l
(y ) .  + (y ) .  v n l  n i - l > i  -  V i exp ( ^ i  ^ i - 1 )  ) Wi - 1
2 x i  "  x i - l 1 -  exp(ifK -  $t
-  1UJL ~
B. = -l
( V i  + [ * i “ * i - l '
2 X . ~  x .  ,
l
H1H 1 -  exp (ipi  -
Vi+1 + (V i ♦ i + i  ”  %
x i + l  Xi
(iJj. , -  ip.) exp vyi + l  yi  ■
1 -  exp ( t i+1 r  ip ^
+ Wi
Bt
(y ) . i + (u ) • n i + l  r r i •ip. . -  ip.- Yi+1  Yi
X . - -  X .1+1 1 1 -  exp Oj>i+1  “  ip ^
wi + l
3t
j = i + l
D. = -  £ w. (y .l  . 4* . i n  j  ,k + l
J = i - 1  J
1-f
j=i+l
• Ij=i-l
w.
J f V ”  -3 n
\
n
3t
, j  »k
A2.3 p - e g u a t i o n s  (a  above r e p l a c e d  by  p)
A. = 
i
B. =l
C. = -l
(y ) .  + (y ) .  .
p  l  V k p ' i - 1 ’i - i  -  t i - J 1  w i - l
2
( y  ) . +  (y ) .  - 
' - p i  p ' l - l
x i  "  * i - i ,V. J
+ i  "  + i - l
1  -  e x p  ( ^ i  -
(ip. -  Ip- n)
e x p  r i  * 1-1
2
(y ) • n + (y )•
p  i + l  Mp ' i
2
N 4
* i + l  ■  + i '
1  -  e x p  ( i| k  -
1  W i
2
( y  )  . _ +  ( y  ) .  
VMp ' i + l  VMp 7 i
X .  , 1 -  x .  
i + l  lV J
' h n  -  h
1  -  e x p  0f>i + 1  -  3 t
( l b . -  i b . )  w. . _ 
e x p  i + l  l  i + l
2 xi + l  ”  x iW s
1  -  e x p  ( ^ i + 1  -  i|k )  3 t
j = i + l  m
D. = t  w. (U ) . . - 
1 j = i - l  3 p J ’k+1
1 -f ( J  ) .  , -  ( J  ) .  . 
p i+2 p
j = i + l
+ y w. 
L jj = i - l
1=1 u --P.
3 P $T
A2.4 Q u in d ia g o n a l  System
The n - e q u a t i o n s  and p - e q u a t i o n s  a r e  s o lv e d  s im u l t a n e o u s l y  
t o  a l lo w  f o r  t h e  c r o s s - c o u p l i n g  i n  t h e  r e c o m b in a t io n  f u n c t i o n  U. Each 
v a lu e  o f  i  g iv e s  a  p a i r  o f  e q u a t i o n s .
(A ) .  n -  i + (B ) .  n .  + (C ) •  n .  , + P .p .  = (D ) .  n  1  i - l  n  l  l  v n - i  i + l  i * i  n 7i
( A ) . p .  n + (B ) . p .  + (C ) .  p . + N .n .  = (D ) .p 1*1-1  p l  * i  p i  *1+1 l i  p i
- i  = 1 , 2 , 3 , . . .
R e f e r r e d  t o  t h e  c o r r e s p o n d in g  c o e f f i c i e n t s  i n  A2.2 and A2.3  we g e t
m9U m 9U '
(A ) . = A. + w. n l  l  i - l
n
9n
i - l
ii•H
/-\<°*
s./
'  wi - l
P
9p
* . >
(B ) .  = B. + w. n  l  l  i
(C ) .  = C. + w . ■ , n  l  l  i + l
9Un
9n
9Un
9n
m
(B ) .  = B. -  w.p ' l  l  l
(C ) .  = C. - w .  1 p 7i  l  i + l
9U
9p
9U_J2.
9P
i - l
m
i
m
P.l
j = i + l
(D ) .  = D. + T w. n  i  i  . v , j  
J = i - 1
9U
x i + l  “  x i - l
f  >
[9U 1 n
m
N.
l
x i + l  x i - l f9U ) P
2 9p 2 9n
k J i I ;
m
n n
9U
9n + P
n
9p
m
j  ,k + l
j = i + l
( d ) .  = d . + y w.
p i  1 • • i JK J = i “ l
9U 9U
n 3 ^  + P 3p
m
j  ,k + l
APPENDIX A3 Summary o f  d a t a  fo rm u la e  u se d  (A l l  i n  p h y s i c a l  u n i t s )  
A3.1 M o b i l i ty
T o t a l  m o b i l i t y  y ( =yn o r  y ) i s  g iv e n  by  a s t a t i s t i c a l  c o m b in a t io n  
o f  a  l a t t i c e  component [y and an im p u r i ty  component [y
I - K l  = v,
w here  = l a t t i c e  t e m p e r a tu r e  ( t o  b e  g iv e n  as  d a t a )
T = Tt e L
r300" i s  t h e  l a t t i c e m o b i l i t y  f o r  c a r r i e r s  in
e q u i l i b r i u m .
i s  t h e  c a r r i e r  t e m p e r a t u r e ,  g iv e n  by
1 JE | + A L  ^  1 | j e |
*1
1 
> en VL . J V * n
2 1 + V cs -------
VL
where VL = VL [ X “A U.
3 (Tl  -  300) i s  t h e  l i m i t i n g  d r i f t  v e l o c i t y
E = c r i t i c a l  f i e l d  c
s = s ig n JE _ 2—  ey E n L c
an<jl a ,  3» Y a r e  c o n s t a n t s .
I I .  Q j J  i s  a  f u n c t i o n  o f  t h e  c a r r i e r  t e m p e r a t u r e  o n ly
T * e
h
In f x + ’ *2
[T 1 e
2 s
300 1 + n + p 300
*
-1
w here  k ^ ,  » 9 a r e  c o n s t a n t s .
I I I .  The t o t a l  m o b i l i t y  y i s  g iv e n  by s t a t i s t i c a l l y  com bin ing  t h e s e .
y = Fs { [ \ ]  ^ x ] }N 
M
y
K ]w here Fg i s  a  f u n c t i o n  o f  —— — g iv e n  as  f o l l o w s : -
L e t  u =    , th e nhi
F or u ^ 0 .0 8  F = 1 -  3 .4 3 2 u  + 1 3 .9 9 u 2s
0 .0 8  < u < 3 .8  F 1 4 - 16 + 45>22u *  3 1 -06 “ 2
s 15 .7 2  + 7 6 .3 4 u  + 3 6 .0 0  u 2
u » . 3 . 8  F = !  - i ^ 2 + l i i f Z .s 2 2u u
The p a ra m e te r s  a r e  g iv e n  in  T a b le  A 3 .1 .
P a ra m e te r V alue  f o r  h o l e s V alue  f o r  e l e c t r o n s U n i t s
yLo 480 1350
2 , .-1  - 1cm . V s
VLo 8 .7 2  x 106 9 .5 8 8  x 106
- 1cm.s
Ec
C
OoI—1
C
OoI—
1 V. cm ^
Y 2 .6 2 .4 -
3 0 i o " 3 -
a 1 .6 1 .4 -
0 0 0 .5 -
Ki 2 .4 4 8 2 0
i n 21 x 10
K2 1.40694 i n 20 x 10
TABLE A3.1 -  P a r a m e te r  v a lu e s  f o r  c a l c u l a t i o n  o f  m o b i l i t i e s  y and y---------------------------------------  p ---------------n-
A 3.2 R ecom bination
I .  S hock ley -R ead  fo rm u la  ( s i n g l e  c e n t r e )
U =
np -  n .  
1
t  (n + n .  e ) + t  ( p + n . e  ) p 1  n  r  l
w h e r e -t , a r e  c a r r i e r  l i f e t i m e s  and th e  e n e rg y  l e v e l  o f  t h e  t r a p p i n g  
c e n t r e  i s  g iv e n  by  <{>^ ( u s u a l l y  t a k e n  to  b e  z e r o ) .
I I .  Two l e v e l  g o ld  t r a p p i n g
U = C A + C D r  n  n  D n - E A r  - E °  n  D n
NL
1 + r D + r A
w here  i s  t h e  number o f  t r a p s  
E ' s  a r e  e m is s io n  r a t e s  
C 's  a r e  c a p t u r e  c r o s s - s e c t i o n s  
and r ^  and r ^  a r e  r a t i o s  g iv e n  by
r A =
E A + C An 
P P
E A + C Ap n p
r D =
E D + C Dp 
n  P
^ D ■ D E + C n 
P n
I f  t h e  a c c u r a t e  form  o f  P o i s s o n ’ s e q u a t i o n  i s  u se d  ( C h a p te r  2 )  we 
r e q u i r e  N ^ ,  t h e  
T h is  i s  g iv en  by
number o f  c h a rg e d  t r a p s .
N NT ( r D "  r A)CH 1 * r A + r D
T y p ic a l  v a lu e s  o f  t h e  p a r a m e te r s  u se d  a r e :
n
1 .6 5  x 10 
6 .8  x 10~7 
80
0 .362
-9 1 .1 5  x 10
2 . 4  x l o ” 8 
420
7 .4  x 105
-7 3 - 1cm s
3 - 1cm s
,-1
-1
APPENDIX A .4 3 -p o in t  in te g r a t io n  c o e f f i c i e n t s
F o r  a f u n c t i o n  F (x )  d e f i n e d  o n ly  a t  t h e  p o i n t s  F. 
r e q u i r e  t h e  i n t e g r a l  from
Xi  + x i - l  „ x i + l  + xi    -------- t o  ------- ---------
The g e n e r a l  3 - p o i n t  fo rm u la  i s
x i + l  + x i
F (x )  dx =
j = i + l
T w .F .
j = i - i  3 3
X. + x. , 1 1-1
. ,  we
The c o e f f i c i e n t s  a r e  g iv e n  i n  t a b l e  A4.1 f o r  c e n t r a l  v a l u e ,  t r a p e z o i d a l ,  
and p a r a b o l i c  i n t e g r a t i o n .
TA
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X
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•H X
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X 1
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•H 1 X
X •H 1
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1 X
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X •<*v_ / CM
CM
+
CM
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r-l
1
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X
11
•H
X ••
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o
•H •H CO
cd 1—1 O i—1
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APPENDIX A6 Computer Programs
A 6.1  ODESSA
' INPUT'  U=TR0 
' INPUT'  1=TR1 
•INPUT'  2 = TR2 
' INPUT' 3-T R3 
'OUTPUT' 0= LPO 
'OUTPUT' 1 = LP1 
•OUTPUT' 2=LP2 
•OUTPUT' 3= LP5 
•SPACE' 8000
'BEGIN'  'COMMENT' START OF ALGOL PROGRAM .
INPUT .0 -  TOLERANCES AND BASIC SILICON DATA 
INPUT 1 -  IMPURITY DOPING PROFILE 
INPUT 2 -  OPERATING CONDITIONS AND BIASES 
INPUT 3 -  NAME OF RESULTS FILE(OUTPUT 2)
OUTPUT 0 ~ RUN SUMMARY SHEET
OUTPUT 1 -  INITIAL GUESS AND CONVERGENCE RESULTS 
OUTPUT 2 “ MAIN RESULTS OUTPUT FILE 
OUTPUT 3 -  INDEXING FILE OUTPUT ;
'REAL'  DX1 ,DX2,EPS1 EPS2« £PS3,  EPS4* LD,VT,NI , MOB, XC, TAUR ,
DMAX, DMAX2, JB, ARG, C4 » EPS6 » EPS7, EpS8, EPS9, EPS 1 0 , EpS11 , EPS! 2 , EpS13,  
K.1 ,K2,  K3*SUMlrSUM2,SUM3,SUM4,SUM5,SUM6rPHI0,PHlLf P,VE»VB,VC,
A,B,JO,NT*CAKfCDN,CAP,CDP,EAN,EDN,EDP,EAP, JNO, JPE, JPC/DEL,
ECRIT/ EPS5, TL» Q, QN, QM # QNM, QA, QNA, QB, QNB, QINBASE, RB, GI ;
' INTEGER' I , J/ l t tAX,N »IM,I A, I B , IC r IAE, IAB, R r I D , K, NT,N2 , N3*N4 , V , COUNT 
'BOOLEAN' J AYCON, FIECON,MUNCON, MUPCON, RECCON» ZEROS ;
'ARRAY' MU,ALPHA,VEL, BETA, THETA, H, ASQ,RAT11;2 3 ;
' ARRAY' FI LET,FILE2,FILE3,  FILE4C1 : 2]  ;
' INTEGER'  'PROCEDURE* INSTRARR( S , A) ?
'STRING' S ? 'ARRAY* A ; 'EXTERNAL' •
'PROCEDURE' 'VARRTEXT(AfN) ;
'VALUE' N .* 'ARRAY' A J ' INTEGER'  N J 'EXTERNAL* ,*
'BOOLEAN' 'PROCEDURE' TEST( NT ,* 'VALUE' N ; ' INTEGER'  N ; 'EXTERNAL
'COMMENT* INPUT TOLERANCES ON RUN AND BASIC SILICON DATA ;
S E LE CTINPUT(0) i  N1: -INSTRARR( » ( ' / ' ) • , FILE1) I
EPS1 :=READ ; EPS2:=READ ,* EPS3:=READ ; EPS6:=READ ; EPS7:=READ ; 
EPS8: =READ ; EPS10 : =READ ; EPS11 : = RE AD ,* EPSA:=READ ; EPS13:=READ 
ECRIT:=R£AD \
’ FOR* K: = 1 , 2  'DO'
'BEGIN'  MUm:»READ ALPHA £ K3 :=READ ;
VEL[K3:=READ ; BETACK3:=READ ; THETA[K3: =READ ;
'END' ;
EPSS:=READ ; EPS12:=READ ;
CAN:=READ ; CDN: =READ CAP: =READ ; CDP:=READ ; EAN: =READ ; 
EDN;=READ ; EAP: =R£AD ? EDP: =READ ; EPS9;=READ ,*
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ODESSA
* COMMENT * INPOT GEOMETRY AND SPAT I AL MESH INFORMAT I ON ; 
SELECTINPUT(1) ? -
I : -  READ ; N2: = INSTRARR<*(, / * ) * , F I LE2>  ,*
IKAX:=READ. * IA£ : -  R EA D I IAB:=REAt> i  
DX 1:=READ 7 DX2:-R£AD I C4:=READ 7
’ COMMENT* INPUT GLOBAL OPERATING CONDITIONS 7
SELECT INPUT(2) ;
N3:=INSTRARRC*( ' / * ) * # F1LE3) ;
TL: =READ ; NT:=READ ; TAUR: =READ ;
'COMMENT* OUTPUT ALL DATA TO RUN SUMMARY SHEET J 
SELECTOUTPUT(Q) 7
WRITETEXTC*(V* <*3C*) ’ SOURCE%PROGRAM%-X%%ODESSA-TL*( *2C* ) *
INPUT%DATA%FOR%THIS%RUN%WAS”/.OBTAINED%FROMX" * ) * ) 7
VARRTEXT( F I LET. »N1 ) ; WRITETEXT ( ' ( ' " # % "  * ) * ) T V AR R TEXT(FILE2#N2) ,*
WRITETEXTC*(*"%AND%” ’ ) ' > I VARRTEXT( FILE3, N3> 7 WRITETEXT<’ C*" > 7
’ IF ' TESTC1) ’ THEN'
’ BEGIN* SELECTINPUT(3> 7 ■ N4;» I NSTRARR <* ( ' / * )  *,FI  LEA) ;
SELECTOUTPUTC3) ;
' . ' WRITETEXT (* ( ’ CURRENTXRUN ' ( * C ' ) * ' ) ' ) ;
varrtext<f i l e 4 , i 2) ; s p a c e (1)  ;
VAR RTEXT < FILET # 12) ; SPACEO) ;
VARRTEXT ( FIL.E2# 1 2.) ; SPACEd)  ;
VARRTEXT(FILE3#12) ; SPACE (1 ) 7 
PRINT(TL# 3*1 )■ ;
SELECTOUTPUT(0)  7
WRITETEXTC* ( * ’ ( *2C* ) *FULLXDETAI LS%OF%RESULTS%ARE%STORED%IN%** ) •> ; 
VARRTEXT (FI LE 4 r N4) ; WR I TETEXT <*(* " , ' ( * 4C ' ) " )  ' )
•END* ’ ELSE’ NEWLINE(6) ;
WRITETEXK'(*UNIFORMXGOLD%DOPING%=, ) *) ; PRINT(NT r 0 # 2) ;
WR I TETEXT( ' ( 'XPERXCC. *(* 3C 1 ) 1 LATTICEXTEMPERAT URE% = *)* ) ;
PRINT (TL*3#1> 7 WRITETEXT ( • ( •  %DEG. K. * ( '  6C * ) " ) '  ) 7
’ COMMENT* NORMALISATION FACTORS 7 
TL:= TL/300 7■
H I : -  1 .U2385£20*TL*SQRT(TL)*EXP(-23.343/TL) ;
VT : = 0 . 025875*TL 7
LD:= 4.14257£6*SQRT(TL/NI)  ;
JD:= . -1 ,602'06«-15*NI/LD 7 
HOB:= 1/VT 7
* COMMENT * NORMALISE VARIABLES
ODESSA
-  I l l  -
DX1:=DX1/LD ; DX2:=DX2/LD 7 C 4:  = C 4 / N I ;
R:=ENTIhR(DX1/ BX2+U.3) J
NT : = N T /  NI ; P:=LD*LD*&-8 .* TAUR : =TAUR/1 . 71 609&-3 ;
CAN: =CAN*P*NI ; CAP: =CAP*P*NI ; CON: =CDN*P*NI J CDP: =CDP*P*NI 7 
£AN : = EAN*P ; EAP:=£AP*P ; EDN: =EDN*P 7 EDP:=EDP*P ;
* COMMENT' PRELIMINARY MOBILITY CALCULATIONS ;
ECRIT: -ECRIT+LD/(¥T*&4)  7
* FOR' K:= 1 , 2 ' DO*
' BEGIN' MU l K l MU C  K3 *TLt ( -A LPHA t K3) / MOB ,*
MXK3 : = MUEK3*ECRIT*ECRIT ,*
VELIKI:*.  VEL[K3*(1-B£TA[K3*3QO*(TL-l>)*lD*&-4 ; 
ASQCK3: = MUt KJ*MU[KJ/ <VELtK3*VELCK3) 7 
RAT CK3: = MU [ KJ * ECftIT/VEL[ Kj 7 
1 END' ;
•BEGIN* 'ARRAY* PSI , DEITA » CONP , CONN , G AMMAN , G AMMAP, DP ,U , Z, 
JN,JP,NlMP,RJNrRJP,RT»NCH,FIELDtO:IMAX]
•COMMENT' THESE ARE DYNAMIC ARRAYS CORRESPONDING TO MESH POINTS ;
'PROCEDURE' TRAP ( A *  B, 11 *14) ,* 'ARRAY' A, B ,* ' INTEGER'  1 1 , 14  ,*
'COMMENT' TRAPEZOIDAL INTEGRATION PROCEDURE 7 
'BEGIN* 'INTEGER* 12 ,13  i  
I2:=IAE ; 13 : =1AB ;
• I F '  I 1>IAB 'THEN* I 2 : = I 3 : = I 1  'ELSE'
'BEGIN* ' I F '  I 1>IAE 'THEN'
'BEGIN'  12 : = 11 .* * I F' I4<IAB 'THEN* I 3:  = I 4 '  EN D ’ ' E LS E *
•BEGIN* ' I F ’ I4<IAE 'THEN' 12 : =13 : =14  'ELSE'
' I F*  14< I AB 'THEN' I3 :  = I4 ,*
'END'
'END* ;
'FOR* I : =I 1  'STEP* 1 'UNTIL* 1 2 - 1 , 1 3  ' STEP'  1 'UNTIL* 14-1 'DO'
B EI 3 : = 0 , 3 * (A [ I J  + ACI + 13)*D.X1 ;
•FOR' I :  = I2 'STEP* 1 • UNTI L' 13-1 ' DO ' B CI 3 : = 0 . 5* ( A11 3 + A EI + 13 ) *DX2 ,*
'END* PROCEDURE TRAP t
'PROCEDURE' iNTEXPU,  A,B) I  'ARRAY* A,B ,* ' INTEGER'  J ,* 
'COMMENT* EXPONENTIAL LINEARISATION INTEGRATION PROCEDURE ,* 
'BEGIN* 'REAL'  Q * F1 , F 2 r G1 , G 2 I ' INTEGER'  K ;
'FOR'  I :=0'STEP*1'UNTIL*IMAX-1' DO'
'BEGIN* K: = * I Fr ■ J * A113 * G T ' J * A [ I +1 3 'THEN' I 'ELSE'  1 + 1 ,’ 
Q: = * IF * I * GE11AE * AND' I ' LT' IAB 'THEN* DX2 'ELSE'  DX1 7 
F1:=BEIJ ; F2:=BC1+13 ;
G1 :=J*(ACI3-AEx3> ; G2: = J * <ACl+13-ACK3> ,*
' I F*  ABS(G2-GlJ*LT'&-6 'THEN' - 
Bi l l :=Q/2+EXPC61) +CF1+F2) 'ELSE'
B i l l  : =Q/ ( G2- G1) *( EXP( G2) *( F2- ( F2- F1) / CG2-G1))  
-EXPCG1)*<F1- (F2-F1) / (G2-G1) ) )  7
'END*
'END* OF INTEXP 7
ODESSA
'COMMENT* INPUT THE -IMPURITY■ DOPING PROFILE AND CALCULATE INITIAL 
CARRIER CONCENTRATIONS ASSUMING EQUILIBRIUM ;
SELECT!NPUTC1) ;
•FOR* I := 0 ‘ STEP’ 1 'UNTIL'  IMAX 'DO*
' b e g i n ' j : = read ; p : = read ; q : = read ;
OP 11 3 ; =P/NI ; NIMPC13 : =Q/NI
’ END' ;
V: - I A : = I B : = 0  ? I D : = I mAX ; .
'FOR* I : =1 ' STEP'  1 'UNTIL* IMAX 'DO'
'BEGIN'  ' LF * DP[ I3*DP[I -13<0 'OR* DPII3 = 0 'THEN*
•BEGIN* ’ IF* 1A = 0 'THEN* IA: = I -1 'ELSE'  IB:  = I 'END'  ;
' I F '  DP CI3>10*C4 'AND' IB>0 ' AND' ID=I MAX»THEN* I D : = I J
* end* ;
'FOR'  I : = IA 'STEP'  1 'UNTIL'  IB 'DO* ' I F '  DP I I 3<DPCI-13 'THEN* IM := I 
' I F *  ABSCIM-I A E - 0 . 5X 1  'THEN* lM:=IAE+2 ;
' I F*  IM 'GE'  IB 'THEN' IM;=IAE-1 ,*
' I F*  A B S ( IM- I A B -  0 . 5 )<1 'THEN' IM:=IAB+2 ;
' I F '  IH 'GE'  IB ' THEN' IM:=IAB-1 ;
'COMMENT' IA AND IB ARE THE NEAREST MESH POINTS OUTS I DE THE BASE
REGION. IM IS THE MESH-POINT WHERE THE BASE CURRENT IS
ASSUMED TO FLOW OUT AND ID IS AN ARBITRARY DIVISI ON BETWEEN 
N AND N+ COLLECTOR REGIONS I
'FOR'  I :=0 , 10  ' STEP'  1 'UNTIL* IMAX 'DO*
'BEGIN* P: = DPCI 3 J
' I F '  ABS(P)>20 ‘ THEN' A R G;=ABS(P)+ABS(1/P)
•ELSE'  ARG:=$qRT(O.25*P*P+1)+A8S(P*0.5} ;
PS 1 1 1 3 : = ' I F '  P>0 'THEN* LN(ARG) * ELSE 1 -LN(ARG) 7 
'END'  ;
•COMMENT* THIS IS THE EQUILIBRIUM VALUE IN SPACE CHARGE. NEUTRAL 
REGIONS ;
C0NNC03:=EXP(PSI[03)  ; CONPC0 3 : = 1 / CONNt03 7 
C0 NN[ IMAX3:= EXP < P S I [ IMAX3) ; CONPCIMAX3: =1 /CONN CIMAX3 ;
* FOR* I ; =1 ‘ STEP’ 1 'UNTIL'  IMAX-1 «DO'
’ I F ’ I > IA 'AND* K I B  'THEN'
•BEGIN* C0NPCI3:=1-DP[I3 ; CONN[ I 3 : = 1 / CONPC13 ' END’ * ELSE'
'BEGIN* CONNCI3:=1 + DP[I3 ; CONPC1 3 : = 1 / CONN £ 13 • END' 7
•COMMENT' OUTPUT TITLES AND GLOBAL.DATA TO THE RESULTS FILE 7 
SELECTOUTPUT(2)  7
VARRTEXT(FILE4,N4) ; WRItETEXTC ' ( ' / TABU LATEDX FROM* ' > 1 ) ,*
' I F ' TEST(1) 'THEN*
•BEGIN' WRITETEXTC' C' ODESSA-TLXRESULTSXSTORED%I NX#' > ' )  . 7  
VARRTEXT(FILE4,N4) I
WRITETEXTC' ( ' # , ' ( ' 2 C ' ) ' INPUTXDATAXHADXBEENXOBTAINEDXFROMX" ' ) ' > 
'END* 'ELSE'
WRITETEXTC C' #ODESSA-TL#XRESULTSXFOR%INPUT%DATA%%" ' ) ' ) .
VARRTEXT(FILE1,N1) ; WRI TETEXTC' )  ;
VARRTEXT C. F I L£2,N2) ; WR I TETEXT ( ' ( ' " , % " ' ) *  ) 7 
VARRTEXT ( FI LE3 , N3) ; WR I TETEXT C' (  " \ / ' ( ' C' ) " ) ' )  ;
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ODESSA
PR I NT CI MAX / 4 » 0 ) .* PR I NT < I AE # 4 # 0) ,* PR I NT < I AB » A * 0 ) ,* PR I NT( I Mr Ar0)
OUTPUT( DX1* LD) ; OUTPUTCDX2*LD) OUTPUT(VT) ; OUTpUTCNl) ;
' FOR ' K;s=1 f 2 ' DO'
•BEGIN1 OUTPUT(~ASQtK3*NI*LD*8” 4/(JD*VT*MU[KJ)> i OUTPUT(RATLK)) 
OUTPUT( - 2 / ( ALpHAXK3- 1 ) )  J OUTPUTC-HtK3*JD*VT*&A/( L0*nI ) )
•END1 ;
WRITETEXTC* ( ' : ' ) • )  ;
* COMMENT * THE REMAINDER OF THE PROGRAM IS CARRIED OUT FOR EACH SET 
OF APPLIED VOLTAGES , WHICH ARE FIRST READ IN AND THEN 
OUTPUT TO THE RUN SUMMARY SHEET J
START: SEL£CTINPUT<2) ; VE: =READ ;
• I F ’ VE>&6 •THEN’ ‘ GOTO1 PRQGEND ;
• I F ’ V>0 'THEN* PAUSE(10)  ; V:=V+1 ;
VB:=READ I VC:=REAd ; SELECTOUTPUT(0)  ;
NEWLINE (2) ; PRlNT(Vr3,0)  ; WR I TETEXT ( '  O  ) . ' ( ’ 2C * > * ' ) ' ) -J 
WRITETEXTC* C' EMITTER%VOLTAGE%=%'> ' )  ; PRINT( VE r 0 , 3 )  ; SPACE(8)  ; 
WRITETEXTC* ( * BASE%VOLTAGE%=%' )  ' )  ; PR I NT(VB r 0 r 3 ) ,* SPACEC8) ; 
WRITETEXTC* C* COLLECTOR%VOLTAGE% = %*) ' ) ; PR I NT( VC # 0 * 3)  ; NEWLINE(3)
* COMMENT• INITIALISE ALL VARIABLES AND CARRY OUT FIRST CALCULATION 
OF MAJORITY CARRIER CURRENT ;
PHI0:  = (VE-VB)/VT ! pH I L : = ( VC-VB)/VT i  
K1:=EXP(-PHIO)-EXP(-PHIL)  ;
K2:sEXP(-PHIO)-1 ; K3: - 1 -EXP(-PHIL)  ;
JN0;=JPC:  = JPE:=SUM4:= SUM5: =SUM6: =JO: =U ,* N:»C0UNT:*0 ; 
p : =1 /MUCH ; Q: = 1 / M U (2 3 ;
'FOR* I : =0 ‘ STEP* 1 'UNTIL* IMAX 'DO'
•BEGIN* RUI J : =NCHni : =J N[ U: =J PH3: ' =DE' LTAC- I 3 : =0  ;
U [ n :  = Z t I J : - R J N [ I ] : = R J p [ I ] : =  FIELD[I3:=0 ;
GAMMAN( I ]* =P ; GAMMAPlI 3 :=Q ;
•END* ;
•FOR* I:=IA+1 'STEP'  1 'UNTIL* IB-1 'DO* U[ I J : s-D.P C I 3 J
TRAP(U#Z»IA+1/IB-1) T
'FOR'  I :=1A + T 'STEP* 1 'UNTIL* IB-2 ' DO* J 0 :  = J0 + ZC13 !
QINBASE :=J0*NI*LD*1 .60206&-11 f
WRITETEXTC' C' NETXIMPURITY%CHARGEXIN%METALLURGICAL%BASE= ' >'  ) I 
PRINT (QINBASErOriJ) ; NEWLINE (2)  .*
P : = ( CMUC 1 l*MOB-65) / (1 + CNIMPE II13*NI /  8 . 5&1 6) TO. 72)  <-65) / MOB J 
JO:=K1*P/JO ;
'COMMENT' THIS GIVES CURRENT FOR COLLECTOR PSI APPROXIMATION ?
'COMMENT' SET UP INITIAL POTENTIAL GUESS UNDER BIAS CONDITIONS ;
'FOR'  I : = IH. ' STEP *1 'UNTIL' ID'DO'
Zt 13 : = ' I F'  I ' L E ’ IAE 'THEN* I * D X1 'ELSE'
’ IF* I * L £ ' I A B ’ THEN' IAE*DX1 + CI- IAE) * DX2 
• e l s e ' < i a b - i a e ) * d x 2 + < i - i a b * i a e ) * d x i  ;
PSIC03 :=PSICOJ + pHIu 7 Q: SK2+1 ;
• F O R ' I : = 1 ’ STEP'1'UNTIL*IB-1 ' DO*
’ BEGIN’ * IF* I > IM ’ THEN'
Q: -  EXPCPHIG*( 1 - ( Z[ I 3-Z11 M 3 ) / ( Z l I B - 1 3 -  Z CIM3 ) ) )  i  
P:=A BSCDPCI3) ;
*IF'P*P>4GU*Q'THEN'ARG:=P+1/P'ELSE*ARG:-0.5*P+SQRT(0.25*P*P+Q> 
PSI t  I I  : = ' IF*DPLI3>0’ THEN'PHIO+LNCARG) ’ ELSE'-LN(ARG)
’ END* ; ■
’ FOR' I : = ID ’ STEP'  1 'UNTIL'  IMAX 'DO'  P S I C I 3 : = P S H I I + P H I L  ;
I C : =IMAX ;
B:=JO/(C4*MUC13) ? Q: =ZMD3-ZCIB-1 3 »
ARG: =2/C4* C PS IC I D 3-PS I [ IB-13-B*Q> ,V "
* IF ’ ARG>0 ’ THEN*
•BEGIN* XCr-SQRT(ARG) ; P : = X C + Z U B - 1 3 ;
*F0R*I:=IB+1*STEP*1'UNTIL' ID'DO*
* I F ' C Z C i I + Z C I - 1 I ) * 0 , 5 > P ' AND' ICSIMAX'THEN * I C : = 1-1 ;
* I F ’ IC=IMAX ’ THEN'
•BEGIN* IC:=ID ; A:=(PSICID] - PSICIB-13) /Q+0.5*C4*Q 'END'
•ELSE'  A;-B*C4*XC ;
•FOR* I : = IB 'STEP* 1 ’ UNTIL'  IC-1 ’ DO'
•BEGIN* P:  = Z[ I 3- Z [ 18-13 i  
PSICI3:=CA-C4*P*0.3)*P + PSI [ IB-1  3 
'END*
•END* 'ELSE*
• BEG IN' P : = Z CI D3 -  < PS 111 D3 -  PSHIM3 ) 7B #
•FOR* I : = I D ' S T E P ' - 1 ' UNT I L ' I B ' DO '
* I F ' ( ZEI 3 +ZCI- 1 3 ) * 0 . 5 <P' AND *1C=I MAX' THEN' I C : = I ;
• I F '  IC=1 MAX 'THEN' IC: =IB-1  'ELSE'
•FOR' I:=IM+1 ’ STEP’ 1 ' UNTIi* IC-1 'DO'  PS I U 3  : =PS I CI M3 
' END' ;
•FOR* I : - I C * STEP' 1 'UNTIL'  ID-1 'DO'
PSI C 1 3 ; = PSICID3-B*(ZCIDJ-ZC13) ;
ZEROS:=*IF '  ABS ( VE) <&-25 ' AND * ABS<VB)<&-25 ' AND' ABS( VC) <&-25 
•THEN* 'TRUE* 'ELSE'  'FALSE'  ;
' I F '  ZEROS ’ THEN' 'FOR* I :=1 'STEP* 1 'UNTIL* IMAX-1 'DO'
•BEGIN* CONNCI 3 : =EXP( PS I [ I 3) ; CONPCI 3 : = 1 / CONNCI 3 'END* ?
'COMMENT' OUTPUT INITIAL POTENTIAL GUESS AND HEADINGS
SELECT0UTPUTC1 ) WR I TETEXT C» C r INI T IALXPOTENT IA L%GUE SS ’ > ' )  ! 
'FOR'  I : =0 ' STEP'  1 'UNTIL'  IMAX 'DO*
'BEGIN'  -NEWLINE C1) ,* PRI NT < 1 ,5 , 0 )  ,* PR I NT < PS I CI 3 r 0 , 3 ) 'END'  J
NEWLINE(5) ;
WRITETEXTC( » CURRENTXCQRRECTIONS* < ' 6 S * ) * JN( 0 ) ' ( ' 6 S • ) * J P <I A)
» <*6S*> ' J P ( I B ) * ( ' 6 S * ) ’ JNCIMAX)•(* 1 9 S »)* CONVERGENCEXTESTS' ( ' 2C Z4S 
*)* FIELD* C 8 S  * ) *MUN V( ' 1  OS' ) ' MUP' ( * 8 S ' ) ' REC. RATE' ) ' ) I 
NEWLINE(2) I
•COMMENT* SET BOOLEAN VARIABLES TO CONTROL THE RUN AND TEST FOR 
SPECIAL CASE OF EQUILIBRIUM ;
FIECON:=MUNCON:=MUPCON:=JAYCON:= 'FALSE* ;
RECCON:='IF* NT<&~10 'THEN' 'TRUE' 'ELSE'  'FALSE* J
ODESSA
JG:=0 ;
' I F 1 2ER0S ’ THEN' ’ GOTO’ GAUSS ;
STEP: N:--N+1 ; ’ COMMENT’ CURRENT ITERATION COUNTER ;
’ COMMENT’ CALCULATE CARRIER MOBILITIES ,*
■BEGIN’ ’ REAL’ A»B/ C/ D*E r F , G»ER#ML»MI, T/ W - 
DMAX 2 : -DMAX: = 0 .*
•fOR'  I . 0 ’ STEP’ 1 ’ UNTIL’ IMAX ’ DO*
’ BEGIN* A: -  CONNCI3 I B : = C 0 N P [ I 3  ; ^
C:= J N I I I  ; G:= GAMMAN Cl] ; ER:=DMAX #
•FOR' K;= 1 / 2  ’ DO’
•BEGIN’ D:= G ; E : -  C*FIELDCI] / A ;
’ I F ’ ABS(E)>H CK3 ’ THEN'
’ BEGIN' J : = SIGN( E) ; E: = ABS<E) *ASQtK3 ;
Q: =4*MUtK3*<1- J*RATtK3) I E: =E*&4*Q/<E+S4*Q) ;
P: = (SQRT(E + Q)-J*SQRT(E) >*2*MUU3/.Q ; ML:=P*P .* 
T;=TL*(MUCK3/ML)t(1/(ALPHA[K3-1))
’ END* ’ ELSE’
’ BEGIN* T: = TL ; ML: =MUCK3 ’ END * I
P:=1+1 . 40694&2Q*T*T/ <(A+B)*NI) .*
MI :=H.4482&21*T*SQRT(T)/  (M0B*NI*(NIMPU3+THETACK3*B)*LN(P) ) 
w: - m l / M l  ;
’ IF* W'LE’ 0 . 0 8  ’ THEN' F:= 1-W*<3.432-1 3 .99*W> ’ ELSE'
VIF’ W<3.8 ’ THEN’
F: = <14 . 16+W*(45.22+31 . 06*W)) / <  1 5 . 72 + W*< 7 6 . 3 4 + 3 6 . 00*W> ) 
•ELSE' F := 1 + ( 2 . 1 3 7 - 1 . 442*W)/ < W*W) ;
G:= (ML+HI)/ (F*ML*MI) 7 
’ I F '  ABS CG-D)>£R*G ’ THEN’ ER: = ABSd- D/ G)  ; .
' I F*  K=1 ’ THEN*
'BEGIN* GAMMANCI3:= G ; DMAX: =ER J 
A:= CONP113 J B:= CONNCI l .*
G:= GAHMAPI1 3 ;  ER: -DMAX2 ; C: =J P[ I 3  
’ END’ ’ ELSE’
• BEG IN’ DMAX2: = ER ; GAMMAP11 3:= G* END'
■’ END'
’END' ;
• IF* ZEROS ’ THEN* ’ GOTO' FINISH ;
HUMCON:=DMAX<EPS5 ; MUPCON:=DMAX2<EPS12 
■ ' ’ END’ ;
'COMMENT' INTEGRATE FOR CURRENT DENSITIES ;
'FOR'  I : = 0  -’ STEP'  1 'UNTIL* IMAX *DO'
'BEGIN* UCI 3 : =GAMMAN [13 ,* Z [ 1 3 : = GAHMAP CIJ 'END* i
INTEXP( - 1 #PSI/U) ; i n t e x p c+1/PSI»Z)  ;
SOM1:=SUM2:-SUM3:=0 ;
•FOR’ I :=0 'STEP* 1 'UNTIL* IMAX-1 ’ DO'
•BEGIN' ’ I F ’ PSHI3>PSI  £1 + 1 3 ’ THEN’
•BEGIN’ P: =PS111J ; Q: =PSI [ I  + 13 ’ END* 'ELSE'  
•BEGIN’ P : = PSH 1 + 1 3 7 Q : =PS I [ 13. ’ END '
SUK1: -SUM1+U[I 3*EXP(-Q) I
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* I F '  KIM 'THEN' SUMZ: = SUM2 + Z[ I ]* EXP( p-PHI 0)
•ELSE'  SUM3:=SUM5+ZCI3*EXP(P-PHIL)
•END’ ;
A: = ( K1 + SUM4)/ SUM1 ; P:»<K2-SUM5>/SUM2 ; Q: =<K3-SUM6) / SUM3 ;
•FOR' I : =0  ' STEP'  1 •UNTIL* IMAx f D0'
• BEG IN ' J N 11 3: = A + RJ N 11 3 .5
JPCI3:  = ( ' I F '  KIM 'THEN'* P 'ELSE* QJ+RJPCI3 
•END' ;
•COMMENT' OUTPUT CONVERGENCE RESULTS i  ~
SPACE(ii) ; PRINT(N/4/0)  ? SPACEdOl ,*
PRINTCJNlQ3*JD,0,3)  PR I NT < J P I IA3 * J D / 0 , 3 )  ?
PRINT(JPCIB3*JD#0»3)  ; PR I NT<JNCIMAX3 * JD/ 0 , 3 )  J SPACE<4) ; 
• I F '  FIECON 'THEN'
•BEGIN’ WRITETEXTC ( 'YES ’ C ' 1 OS *)**)*)  .* 'END* 'ELSE'
•BEGIN'  WRITETEXTC <* NO' ( ' U S '  ) •*>■*■) ! •END' •  -9
' I F*  MUNCON 'THEN'
'BEGIN'  WRITETEXT ( ' C  YES' ( ' 1 0 S '  )**) • ) .* 'END* •ELSE'
* BEG IN ’ WRITETEXT(* (* NO'< * 11S * ) ' * > ' ) ; •END' #
•IF* MUPCON ' THEN'
•BEGIN* WRITETEXTC C  YES ' C  1 OS ' ) * * > ' ) i •END* 'ELSE'
'BEGIN* WRITETEXTC <*NQ' C H S * )  **> ' ) ; 'END' 9
• I F ’ RECCON 'THEN'
•BEGIN* WRI TETEXT C C Y E S * C 2 C  • ) " ) » )  ; •END' •ELSE'
'BEGIN'  WRITETEXTC C N O ' C Z C '  ) • ' ) * ) ; •END* ;
•COMMENT* TEST FOR CONVERGENCE OF CURRENTS . IF SATISFACTORY AND ALL 
OTHER CONVERGENCE TESTS HAVE BEEN SET POSITIVE THEN END 
THE CALCULATION FOR THESE APPLIED VOLTAGES
•IF* JAYCON ' THEN'
•BEGIN' ' I F*  ABS<JNC03-J N0XEPS1* ABS CJNC03)
•AND* <ABS(JPCIA 3 - J PE) <EPS2*ABS(JPCIA3)
•OR* ABS<JP£IA3)<EPS10*ABS(JNCIA3)}
•AND' (ABS CJ P CIB 3 - J P C) <EP S 3 * A B S ( «J P 11 B 3 )
' * OR' ABS <JP£IB3)<EPS11*ABS UNCI BJ ) )
•AND* MUNCON ' AND' MUPCON 'AND* RECCON * AND' FIECON 
•THEN' 'GOTO* FINISH
•END* 'ELSE* •
• IF* ABS(JN[O3-JNOXEPS6*ABS(JN[02)
•AND' (ABS(JPt IA3-JP£)<EPS7*ABSCJPUA3)
•OR * ABS( JP11 A3/JNCIAl)<&-10)
•AND' ( ABS( J P11B3-J PC)<EPS8*ABS ( J p [ I B 3 )
' OR ’ ABS( J P CIB 3 / J N1163)<&-10) ' THEN ' JAYC0N:= 'TRUE'  ;
JNO:=JNC03 ; JPE: -JPCIA3 ; JPC:=JP[IB3
•COMMENT' INTEGRATE FOR CARRIER CONCENTRATIONS J 
•FOR'  I :=0 'STEP'  1 'UNTIL'  IMAX 'DO*
•BEGIN’ U[I 3 :=JN[I3*GAMMAN£13 ; I I I  J : = J P C I 3 *GAMMAP M3 ' END' ;
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INTEXP(-1»PSI»U) •; INTEXPC+1rPSIrZ) ,* !
•FOR* 1:=0 'STEP'  1 'USfTIL' IMAX-1 ' DO'
DEITAlI 3 :=EXP(PSI t l + I I - P S I  I I I )  .*
•FOR* I : =1 ’ STEP'  1 *UNT11' IM 'DO*
CONN£ I 3 : = * I F ' DELTA£I-13>1 *THEN ' <CONN £ I -1 3- U £ I - 1 3 ) * DELTA£ I -13
•ELSE’ CONNU-1 3*DELTA£l-1 3-UEI-1 3 ; 
'FOR* I : = IMAX-1 1 STEP* -1 ’ UNTIL* IM + 1 'DO*
CONNi13:= * IF * D£LTA£I3<1 1 THEN * ( CONN[ I + 13 + U£ 1 3 ) / DELTA £ 13
* ELSE * CONNU+1 3/DELTA£I3+U£I J
CQNPCIMJ: = EXP(-PSI £IMI) .*
•FOR* I ;= IM+1 'STEP* 1 •UNTIL'  IMAX-1 'DO'
CONP £ 13:= ' IF* D£LTA£1-13<1 'THEN' <CONP£ I -1 3 + ZEI - 1 3 ) / DELTA £ I -13
•ELSE'  CONPfI-1 J /DELTAEI-13+ZCI-13 ; 
Z£IM3:=(JP£03+J0)*6AMHAP£IM3 ;
Z £ IM-13 : =J P11M-13 + GAMBAP £ IM-13 ,*
*IF * IM>IAE .'AND' I mCIAB ‘ THEN* P:=DX2 ' ELSE* P: = DX1 J
• I F 1 DELTA!IM-13>1 'THEN*
•BEGIN'  DEL:=0.25*(2*PSl£lM3+PSl£lM+l3-3*PSI£lM-13>+&-3 J 
CONPEIM-13: = (C0NP£1R3-<(Z£IM3-Z£IM-1 3*(1+DEL))*EXP(-OEL)
+Z£IM-n-Z£IM3*(1-DEL>)*P/<DEL*DEL))*DELTA£IM-13
•END* * ELSE'
•BEGIN'  DEL: =0 . 25*( 3*PSI EI M3- 2*PSl £ I M- 13- PSI £ l M- 23) - 8 - 3  ; 
CONPCIM-1J:-C0NP£IM3*DELTA£IM-13-(ZlIM3-Z£IM-13*(1+DEL)
+ ( Z £IM-13-Z £IM3*(1-DEL))*EXP<DEL))*P/ (DEL+DEL)
•END' ;
•FOR’ I :=IM-2 'STEP'  -1 'UNTIL'  1 ' DO’
CONPCI 3 : = * IF * DELTAU3>1 'THEN' ( CONPEI + l 3- Z £ I 3 ) *DELTA £ I 3
'ELSE'  CONPEI + 1 3*DELTAEI3-ZEI J 
•FOR'  I : = 0  'STEP'  1 'UNTIL* IMAX 'DO' DELTA! I 3 : = R J N i I 3 ; = R J P £ I 3 : =0 ,*
'COMMENT* SOLUTION OF POISSONS EQUATION . THIS VERSION ITERATES THE 
DELTA CORRECTION TO COMPLETENESS ;
GAUSS: COUNT ;=COUNT+1 ,* 'COMMENT* CORRECTION ITERATION INDEX ,*
DMAX : = 0 ;
* FOR * I : -1  'STEP* 1 'UNTIL* (IMAX-1) 'DO'
•BEGIN* ' IF* I = I AE 'OR' I = IAB 'THEN*
•BEGIN* A:=(1+R)*H+0,5*DX1*DX2*(C0NN£I3+C0NP£I3))  i  
B: = (1 + R)*(PSI£l3+O.S*DX1*DX2*(CONN£l)-CONP£I 3-DPI I 3-NCH E13))  
- ( ' I F '  I = I AE 'THEN' R*PSI£ 1 + 1 3 + p S I £ 1-13 
'ELSE* R*PSI£ 1 - 1 3+PSI£1 + 13 )
•END* 'ELSE*
•BEGIN* ' IF*  I<IAE 'OR'  I>IAB 'THEN' P:=DX1 'ELSE'  P:=DX2 ; 
A:=2+P*P*(C0NN£I3+C0NP£I3) ;
B : = - P S I 11- 13-PS I £1 + 1 3+2+PSIEl3+P*P*(CONNEI3-CONPEI 3 -  DP C13-NCHt 1 3) 
'END' ;
• I F '  1=1 'THEN' •BEGIN* U£I3:=-A J ZEI3:=B ; 'END*
* ELSE'
'BEGIN'  ' I F '  1 = 1AE+1 'OR* 1 = 1AB 'THEN' U£ I 3:= - A-R/ U£ I -13
•ELSE'  U £ I 3 : = - A - ( 1 /3J C1-1 3) ;
•IF* l=IAB 'THEN* ZEI 3 : =B-R*ZEI -13 / UEI - 13 
•ELSE* Z £ 13:= B- ( ZEI - 13 / UEI - 13 )  I
' END' ;
•END* ;
•FOR'  I : = ( I MAX-1) * STEP' -1 'UNTIL'  1 'DO'
•BEGIN* *1F'  1 = 1 MAX-1 'THEN* DELTA11 3 : =Z[ I 3 / U£ I 3 ' ELSE'
•BEGIN' * 1F * I = IAE 'THEN* DELTAf13 : = (Z£I3-R+DELTAE1 + 1 3 ) / U £ I 3
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'ELSE'  DELTAt 13 : = (ZU3-DELTAL 1 + 1 3) /UCl  J
* END* ;
' I F '  ABS(DELTACI3)>DMAX 'THEN* DMAX: =ABS( DELTA C 13 ) 7.
’ END * ;
IF * DMAX>EPS4 * THEN’
•BEGIN* 'FOR* I : = 1 ' S T E P ' 1 ’ UNTIL' IMAX-VDO’
•BEGIN' PSICI3:=PSICl3+DELTACI3 ; Q: = EXP( DELTAC13 ) 7 
CONPCI3:-CONPC I3/Q 7 CONN £ I 3 : =CONNCI 3*Q J 
'END' 7 ' GOTO' GAUSS 
' END’ ;
COMMENT' CAtCULATION OF ELECTRIC FIELD I
DMAX:=0 ; P ; = 1 / DX1 ; Q:=R*P 7
FOR' I : =1 ' STEP'  1 'UNTIL'  IMAX-1 'DO'
•BEGIN' B; = 0 . 5 *  C' I F ' I>IAE 'AND' I <1AB 'THEN' Q 'ELSE'  P) 7 
A: = FIE L D C 1 3 7 
FIELDCI3:= ' I F '  I = IAE
'THEN' ( R*R*PSICI+13- PSI CI - 13+PSI £ I 3 *<1-R*R> ) * P / ( 1 +R) 
'ELSE'  ' I F '  I = I AB
'THEN' (PSICI +13- R*R*PSI £ 1 - 1 3+PSICl3*<R*R-1) )*P/C1+R)  
•ELSE'  ( P S I CI + 1 3 - P S I C I - 1 J ) * B  7 
' I F '  ABS(FIELDCI3-A)>DMAX*ABS(FIELDC13) 'AND' ABS( FIELDCI 3)>&-1 0 
'THEN' DMAX:=ABS(<FIELDCI3- A ) / F I E lDCI3)
’ END' 7 
FIEC0N:=DMAX<EPS13 7
COMMENT' CALCULATION OF RECOMBINATION CURRENTS . MODEL USED DEPENDS 
ON DATA FED IN — IF TAUR SET TO ZERO THEN USE 2-LEVEL 
MODEL ELSE USE SHOCKLEY-READ MODEL 7
I F ’ JAYCON 'AND' <NT>&-10 ' OR' TAUR>&-20) 'THEN'
’ BEGIN' DMAX:=SUM4:=SUMS:=SUM6:=0 7.
'FOR'  I : =1 'STEP* 1 'UNTIL'  IMAX-1 'DO'
•BEGIN' A: - R U  13 7 
P: = (EAP+CAN*C0NNC1 3 ) / CEAN + CAP + CONPCI 3) 7 
Q; = CEDN + CDP*CONPCI 3 ) / (EDP + CDN + CONNC I 3 ) 7 
Rl CI3 : = ( (CAN + CDN*Q)*CONNC13-EAN*P-EDN)*NT/( 1 +P + Q) 7 
•COMMENT’ 2-LEVEL GOLD MODEL 7 
• IF 1 T AUR' GT’ &-20 'THEN' 
Rl£l3:=CCONNll3*CONPCl3-1) /TAUR/(CONNtl3+CONPt l3+2)  7 
•COMMENT' SINGLE CENTRE SHOCKLEY-READ MODEL 7 
NCHt I3 ; - NT*( Q- P>/ ( 1 +P+Q) 7 
'  I F ' ABS( RUI 3 - A) >  DMAX* ABS (R1 CI3) 'AND' ABS <R1 C I 3 > >«-1 
•THEN’ DMAX:=ABS(<R1CI3-A)/R1CI3) 7
'END' 7 -
TRAPCR1, 0 , 0 , IMAX) 7
'FOR'  I : =1 ' STEP'  1 'UNTIL.'  IM 'DO'
. ’ BEGIN' RJPCI3:=RJPCI-13+UCI-13 7 
J : = IM-I 7 RJNCJ3 :=RJNC J + 1 3 + UCJ.3
• end ' 7 . ' ■' ^ -L'-
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V JO: =r j p £ lMl ; . .. -  * '-.'v
' FOR* 'I : = IMAX-1 ’ STEP’ -1 ’ UNTIL' IM ’ DO’
’ BEGIN* RJP£I 3 : = RJP£1 + 1 3 - U t I 3 J 
J:=IMAX+IM-I ; RJNEJ3: =RJN£J - 1 3- U £J - I 3 
’ E N D ’ ;
’ FOR* I : = 0  'STEP* 1 ’ UNTIL'  IMAX ’ DO’
’ B E G I N '  U £ I 3 : = GAMMAN £I 3 *R J N £ I 3 ,* Z £ I 3 : =GAHMAP £ 1 3 * R J P £ 13 ? ’ END' I
I NTEXP("1» PS I r  U) J INTEXP( + 1 r P S I , Z )  ;
Z£IM-1 3 :=GAMMAPEIM-13*RJP£IM-13 ; B: “ GAMMAP £ JM3* JO i  
’ I F ’ IM>IA6 ’ AND* IM<IAB ’ THEN’ P:=DX2 * ELSE’ P ; =DX1 I 
' I f  PSI£IM3>PS1 £ I M-1 3 'THEN'
•BEGIN* DEL:=0.25*C2*PSI  CIM3+PSI UM + 1 J - 3 * P S I ( I M - 1 3 ) +&-3 ; 
Z U H - 1 3 : = <<B-Z£IM-13*(1+DEL>>*E.XP<-DEL)
• +Z£lM-l3-B*<1-DEL)>*P/ (DEL*0EL)
’ END* 'ELSE'
’ BEGIN* DEL: = 0 . 2 5 * (3*PSI £ I Ml- 2 * PS I £IM-13-PS I £ IM-2 3) -&-3 ;
ZUM-1 3 : = €B-Z£IM-1 3 *<1 + DEL) + <ZE IM-11
-B*(1-DEL))*EXP(DEL))*P/(DEL*DEL)
• end* ;
•FOR* I : = 0  ’ STEP’ 1 'UNTIL* IMAX-1 'DO*
’ BEGIN* ' I F *  P S I £ I 3 > P S I [1+13 'THEN*
•BEGIN* P : =PSI £ I 3  \ Q:=PS1EI+13 'END* ’ ELSE*
'BEGIN* P:=PSI£I+13 • Q: - PSI EI3  'END* !
SUM4: = SUM4-Ut I 3*EXP(-Q) ;
’ IF* K I M  ’ THEN' SUM5:=SUM5 + Z£I3*EXP(P-PHI0)
’ ELSE’ SUM6;=SUM6+ZEI3*EXP(P-PHIL)
’ END* I  
RECCON: =DMAX<EPS9 
* END' ;
•GOTO' STEP ,* ’ COMMENT' REPEAT CURRENTS ITERATION T
FINISH: 'COMMENT* HAVING JUMPED TO THIS POINT FROM THE CONVERGENCE
TESTS EARLIER /  BEGIN THE RESULTS OUTPUT. PROCESS ;
Q:=QN:=RB:=GI:=0 ;
* BEGIN* ’ REAL* DX » P1» P2 # N1» N2 i
•REAL* ’ PROCEDURE' INTCJrY1»Y2*DX) J 'INTEGER* J I 'REAL'  Y1»Y2fDX 
I N T I F ' J - - 1  ’ OR' ABS<Y1-Y2)<&-5 'THEN' 0 . 5 + DX*<Y1+Y2)
•ELSE'  DX*(Y2-Y1)/LN(Y2/Y1)  ;
'REAL* 'PROCEDURE' LIM(A) ; ' REAL' A ;
LIM:=*IF 1 ABS(A)<&-10 ' THEN' &-10 'ELSE* A ;
'COMMENT* COMPUTE VARIOUS CHARGE INTEGRALS AND OUTPUT THEM ON THE 
RUN SUMMARY SHEET ;
'FOR* I : =0  'STEP'  1 ’ UNTIL' IMAX-2 ’ DO*
•BEGIN* ■ DX:*- ' IF'  I > I A E -1 'AND* KIAB 'THEN* DX2 'ELSE'  DX1 I
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' IF* I > I A 'AND' I <1B-1 ’ THEN'
'BEGIN'  P1 ; = LlM(CONPtn + OPC 13) ;
P2:=LIM<C0NPII+13+DPII+13) i  
* END * 'ELSE'
•BEGIN* P1:=LIMCC0NP£I3) ; P2 : = LIMCCONPET + 1 3) ! 'END'  ;
' IF* I > I A -1 'AND' K I B  'THEN'
'BEGIN'  N1:=LIMCC0NNCI3) N2: - I IM( CONN£I +13) ? 'END' ' ELSE'  
•BEGIN* N1:=LIMCC0NNII3-DPE13) i
N2: = LIMCCONNU + 13-DP£I+13> ;
•END* ;
Q:=Q+INT <SIGN(P1/P2)*P1fP2#DX) ;
QKi=QN+INTCSIGNCN1/N2),N1,N2,DX) ;
' IF* I - 1A 'THEN' 'BEGIN* QA:=Q ; QNA:=QN X  VEND' 'ELSE'
' IF* 1 = 1 M 'THEN' 'BEGIN'  QM: =Q ; Q N M : = Q N ; 'END'  ’ ELSE'
•IF' I=IB 'THEN* 'BEGIN'  QB:=Q ,* QNB;=QN J ’END' ’
* END * »
P1 I F ' I A> I A E - 1  * AND' IA<IAB ' T H E N *  DX2 ' E L S E '  DX 1 
P2 : = ' I F ’ I B> I A E - 1 'AND' IB<IAB ' T H E N '  DX2 ' E L S E *  DX1 .
QM:=QM+1NT( - 1 ,  DP[ I A3, DP CIA + 1 3 , Pi > !
QB:=GB+INTC-1, DPEIA3, DPIIA + 1 3 , P1 3 + INTC-1 , DPI IB-1 3 , DP[ I B3 , P2) ; 
Q:=Q+INT(-1 7 DP CIA 3 ,DP£IA + 1 3 , P1) + 1 NT(-1 , DP £ I B - 13 ,DP£IB3, P2)  ;
' I F '  ABS ( (Q-QN-FIELDII MAX-13>*C- JD) *LD*LD*84/QINBASE) >0 . 01  ' THEN'
'BEGIN* SELECT OUTPUTCU) ; NEWLINEC3) ,*
WRITETEXTC• C' INTE6RATEDXCHARGEX1NACCURATE'> ' ) ;  NEWLINE<2) ; 
WRITETEXTC'C*AT%I=1AX%%%%XX%Q=')' )  ;
PRINT(GA*C-JD)*LD*L0 * 8 4 , 0 , 8 )  ; WRITETEXTC' C'%X%XQN= ' ) ' )  # 
PRl.NTCQNA*(-jD)*LD*LD*&4f 0 , 8 )  J WR I TETEXT C ' C ' %%XXQ-QN= ' )  ' > ?
P RIN T C C G A -  Q N A ) * C -  J D > * L D * L D * 8 4 ,0  , 8 ) i 
WRITETEXTC' C'%%%%Q-QNXFROM%E = * ) ' )  .*
PRINT C- FTE LD EI A 3 * LD*NI*1 .60268-11 7 0 7 8 ) ; NEWLINEC2) ! 
WRITETEXTC' C' ATXI=IM%%%X%X%XQ='> ' )  ,*
P R I N T C Q M * C - J D ) * L D * L D * 8 4 7 0 7 8 )  J W R I T E T E X T C ' C ' % X % X Q N = ' ) ' )  ;
PRI NT C QNM* C-J D)* LD* LD*&4, 0 , 8 )  ; WR I TETEXTC' C' %%%%Q-QN= ' ) ' ) I 
PR I NIC C QM**QNM) * C -  J D) * LD* LD*84,0 r 8) ,*
WRITETEXTC' C'XXXXQ-QNXFROM%£=*) ' )  ;
PRINTC-FIELDEIM3*LD*NI*1. 6 0 2 0 6 8 - 1 1 , 0 , 8 )  ; NEWLINEC2) #*
WRITETEXTC*C'AT %l=IBXX%XXXXXQ=' ) ' )  ;
P R I N T C Q B * C - J D > * L D * L D * X 4 7  0  7 8 )  I  W R I T E T E X T C ' C ' % % % % Q N = ' ) * )  ;
P R I N T C Q N B * ( - J D ) * L D * L D * & 4 7 0 7 8 )  7  W R I T E T E X T C ' C ' X X X X Q - Q N = ' f  3 )
P R I N T C  C Q B - Q N B ) * C - J D ) * L D * L D * 8 4 , 0 7 8 )  ,*
WRITETEXTC • C ' XXXXQ-QNXFROMXE=' ) ' )  ,*
PR1NTC-FIELDCIB3*LD*NI*1 . 602068-1 V7 O#8) i  NEWLINEC2) J 
WRITETEXTC' C»ATX 1 = 1MAX-1%X%XQ=*) ' )  ;
PRINT CQ*C-JD)*LD*l0 * 8 4 , 0 , 8 )  ; WR I TETEXT C ' C ' XXXXQN-*) ' )  .*
PRINT CQN*C-JD)*LD*LD*84,0,8) ,* WR IT ETEXT C ' C' XXXXQ-QN= ' ) ' )  i  
PRINTC CG-QN)*C-JD)*LD*L0 * 8 4 , 0 , 8 )  ,*
WRITETEXTC' C• XXXXQ-QNXFROM%E=' > ' )  ;
PRINTC-FIELDEIMAX-13*LD*NI*1. 6 0 2 6 8 - 1 1 , 0 , 8 )  ; NEWLINEC4) i  
. 'END' ;
Q:=-Q*JD*LD*LD*84 ;
•END* CALCULATION OF INTEGRATED CHARGE Q ;
FOR' I :=0*STEP' 1 'UNTIL'IMAX'DO*
'BEGIN*Utl3:=LN CABS CCONP £13) )  .*
RJ PII  3 : = 1 / GAMMAP £ 11 » ZC13: = GAMMAN113 I  
'END* ;
INTEXPC17 U7 RJP) ; INTEXPC17 U7 Z) ;
FOR' I ;  = IA * STEP' 1 ' UNTIL' I B - 1 ' DO'
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R B : = R B + R J P U 3 * C *  I F  * U £ I 3 > U [  1 +  1 J * T H E M * C O N P [ 1 3 * E L S E ' C O N P £ 1 + 1 3 )  ;
F O R 1 I : = 0 ' S T E P * 1 ‘ U N T I L ' I M A X - 1 ' D O ’
61 : = G I + Z [ I 3 * ( 1 I F ' U t  I 3>U£ 1 + 1 3 ' THEN*CONP[ 13 ' ELSE’ CONP 11+1 3) .* 
R6:=~VT/<RB*JD*LD*ID*&»8) ; GI : =GI *NI * LD*&~4;
'COMMENT* OUTPUT NUMBER OF ITERATIONS ON RUN SUMMARY SHEET PLUS 
BASE RESISTANCE ETC, ;
SELECTOUTPUT(O) ; NEWL1NE(2> ?
WRITETEXT!' ( * NUMBER%OF%CURRENT%CORRECTIONS%=*)*)  j 
PRINT!N, 4 , G) ; N£WLINE<2) i
WRITETEXTCCNUMBERXOFXITERATIONSX-*) *) ; PRINT (COUNT , 4 , 0 )  ;
WR ITETEXT( ’ (* * C*4C3S* > ' EMITTERXCURRENT' C3S*  I 'BASEXCURRENT'CSS 
' COLLECTQRXCURRENT *(* 6S*) ' RELATIV EXCHARGE' ( *  8 S ' )
* BASE%RESISTANC E * ( * 8 S ' ) *  6UMME L%INTE6RAL’ ( ' 2C3S * ) '  * ) * )
' IF* * NOT* ZEROS * THEN *
' BEGIN*PRINT(<4N£03+4P£03) * J D , 0 , 3 )  ,\ SPACE(6) ;
PR I NT! (4P£ 03+-4 0-4 P £ I M3 ) *4 D , 0 , 3 )  ; SPACE (6)  ;
PRINT!(4N£IMAX3+4PlIHAX3)*4D,0,3)  ,* SPACE (11)  #
* END * * E LSE * SPACE(61)  ;
PRINT !Q,0»3)  ; SPACE(II)  » PRINT (RB»0,3)  » SPACE(IT) .*
PR I NT(G1 , 0 , 3 )  ; NEWLINE ( 3) ,*
WRITETEXT( * ! ' GUHNEL%INT%NOW = SIGMA(P. DX/DN) SEC. CMT-4* ( ' C ' ) '
F0RXUNlTS%0F%1/AMpS%PER%SQ%CMX%XDIVIDEXBY%Q*NIt2*) *> * 
NEWLINE!3)  ,* SPACEdO) I
•FOR*; i :*1 ‘ STEP* 1 'UNTIL* 100 'DO* WRITETEXT! * ( » * ' ) * )  ;
'COMMENT* OUTPUT MAIN RESULTS TO BE PROCESSED INTO READABLE FORM 
WITH TABULATING PROGRAM LATER ;
SELECT0UTPUT(2) ; NEWL1NEC2) J PRINTCV, 3 , 0 )  ;
'FOR* I : =0 ' STEP'  1 ‘ UNTIL* IMAX *D0‘
'BEGIN* PR INTO* 5 , 0 )  ;
OUTPUT(Dpn 3*NI) ; OUTPUT! P. SIT 13* VT) ,* OUTPUT(CONPCI 3*NX) ,* 
OUTPUT ( CONN I I  3 *N I ) ,* OUTPUT< - FIELDE13*VT/LD*&4) ;
OUTPUT (MOB/GAMMAP £ I 3 ) ,* OUTPUT(K08/GAMMAN£ 13) ,* 
0UTPUT(JPII3*JD) ,* OUTPUT! JN[ I3*JD) ;
OUTPUT(R1£I3*NI*&8/(LD*LD)) ; OUTPUT( NCH£ I 3*NI ) ;
‘ END* ;
WRITETEXT!* (* SETEND ' ( * C * ) ' ' ) * ) ?
• IF * TEST(1) 'THEN*
•BEGIN* SELECT0UTPUT(3) . PR I NT(VE-VB, 2 , 3 )  ; PRINT(VC-VB,2 , 3 )
S PACE (1 ) ; PRINT! ( 4 N£ 0 3+ 4 P £0 3 ) *4 D , 0 , 2) J SPACE(I) ,* PHINT(Q,.0 
PRINT(RB,0 , 2 )  ; NEWLINE!!) ; SPACE!60) •
' END* ;
PSIC03:=PSI£03-PHIO ;
FOR* I : = ID * STEP 1 1 'UNTIL* IMAX *D0' PS I £ 1 3:= PS I £ I 3-PH I L J
GOTO* START J
COMMENT* GO BACK TO READ FURTHER SET OF BIAS CONDITIONS ,*
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•END' OF DYNAMIC ARRAYS BLOCK ;
PRGGEND: ' I F*  TEST(I)  'THEN* WRITETEXT( * ( * ' < ’ C' > ' ENDXOFX INDEX ’ ) ' ) ;
SELECTOUTPUTC2) ; WRITETEXTCCRUNEND') ' )  ;
* END * OF PROGRAM ,*
****
A6.2 ODETTA
’ LIBRARY’ <ED,SUBGROUPSRMU) 
’ INPUT'0=TR0
* INPUT' 1 =TR1 
’ INPUT' 2-T R2 
•OUTPUT' T=LP1 
. ' OUTPUT' U= LPO
* OUTPUT' 3=LP3 
’ OUTPUT*4-LP4 
•OUTPUT* i=LP!>
* TRACE * 0
•BEGIN' 'COMMENT* START.OF ALGOL PROGRAM .
INPUTS : :  0-SERIAL#1-PROF ILE#2-VOLTAGES.
OUTPUTS:: 0-SERIAL#1-TERMINAL#3-PRINTOUT#4-PLOTTER, 5-P CONC.
SWITCHES USED: 1 USES PRESET MESHES FROM PROFILE
2 USES BASE MIDPOINT AS CONTACT
5 INHIBITS REMESH
4 GIVES FULL PRINTOUT
6 ON BETA-=0» 5 # OFF BETA=1 ;
• R E A L *  N F A C , L F A C # V F A C # M F A C # J F A C # T F A C # X L # H # £ P I # W S 1  # W S 2 # W S 3 # W S 4 # L T # B E T A #
D P S I , D P $ i S U M # T A U # T # H I N , P R O F M A X # V E # V C # J N O # J E # J B # J C # T K N # T R P # I N B E T A #
V E S T E P # VC S T E P # H1#HE#WS5#WSo#DM#DS»T1 #T2#ETRAP#HVE#HVC#ELCH#SST#OMIN# 
PFrTAUMIN#TAUMAX#HTAU#TAUSTART#VEK, VCK#EPSDMAX#EPSDSUM#EPS I LON ; 
•INTEGER* NMESHrNVOLTS#NSTEPS#NSS#I#IA#IB#MESHIN,IWS1 # IWS2#I BASfc#SER I A L #
I E B  # I C B  # I C P L U S  # S S I N D E X # M Q N I N T  ;
•PROCEDURE* SKIPTEXT ;
•COMMENT* IGNORES NON-NUMERICAL CHARACTERS FOR DATA READING J 
•BEGIN* 'INTEGER* I ? NEXT: I:=NEXTCH ;
•IF* I ' LT*10 r 0R * I ' EQ' 22 ’ OR* I ' E Q ' 2 7  'OR* I ' E Q ' 2 9  'OR* I f EQf 30 
'THEN' 'GOTO* FIN ; SKIPCH ; 'GOTO' NEXT J 
FIN: 'END* OF PROCEDURE SKIPTEXT ;
•PROCEDURE* STRARR(A#N#S) J '
•INTEGER' N .* 'ARRAY* A ; 'STRING'  S i  'EXTERNAL' ; 
•COMMENT* READS CHARACTER STRING INTO AN ARRAY ,*
•PROCEDURE' ISSUCQM(N#A# L) I 'VALUE* N S 
•INTEGER' N ; 'ARRAY* A ,* 'LABEL' L ,* 'EXTERNAL' } 
'COMMENT' PROCEDURE TO ISSUE A GEORGE 3 COMMAND
OSETTA
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•PROCEDURE' TIMENOW .* 'EXTERNAL' ;
'COMMENT' OUTPUTS TIME OF DAY TO CURRENT OUTPUT DEVICE
'PROCEDURE* DATENOW; 'EXTERNAL' ; ^
'COMMENT' OUTPUTS PRESENT DATE TO CURRENT OUTPUT DEVICE
'INTEGER'  'PROCEDURE' UPNUMBER ;
'COMMENT * PROCEDURE TO UPDATE SERIAL NUMBER FI LE ;
'BEGIN* 'ARRAY* COM[1:103?  ' INTEGER’ NCH,NUMBER 
SE LECTINPUT(O) ; SELECTOUTPUTC0) ;
STRARR( COM # NCH # * ( ' AS%*TRG # StRIA L' ) * )  # 
ISSUCQMCNCH,COM#ERROR) i  
NUHSER: =READ ; FREE INPUT ;
■ STRARRtCOM#NCH# ' <*AS%*LPO#SERIAL'>*> .* 
ISSUCOM<NCH#COM#ERROR) I 
PR1NTCNUM8ER+1#6/0)  ; NEWLINE(2)  ;
WRITETEXT( ' CLAST%ACCESS%AT%')' )  ; TIMENOW ,V 
WRIT£TEXT(' ( *  %0N% *)*)  ; DATENOW ,* NEWLINE<2) ; 
♦GOTO' FIN ; ERROR: PAUS£(97) ;
FIN: UPNUMBER:=NUMBER FREE OUTPUT :
'END* OF PROCEDURE UPNUMBER ;
'COMMENT* LIST OF NORMALISATION FACTORS USED.ALL NUMBERS INSIDE MACHINE 
ARE NORMALISED. ALL OUTPUT ETC, IS IN PHYSICAL UN ITS ;
'COMMENT* LENGTH; LFAC:= 3 5 . 9 4 5 4 8 - 4  ;
'COMMENT' VOLTAGE;V FAC:= 0 . 025875 ;
•COMMENT* DOPING; NFAC:- 1 .328168810#*
•COMMENT* MOBILITY; MFAC:= 3 8 .6 4 7 3 ;
'COMMENT* CURRENT; JFAC:= - 5 . 9 1 9 5 4 7 8 - 7 ;
'COMMENT* TIME.* TFAC:= 1 . 292071 88-5#*
ELCH:=1.602068-19  ; LT: = 1 / LNC10) ;
SERIAL:=UPNUMBER; 'COMMENT' UPDATES SERIAL NUMBER FILE ;
'COMMENT' READ IN STEADY STATE CONDITIONS#GEOMETRY AND MESH DATA 
IN ORDER TO SET UP DYNAMIC ARRAYS ;
SELECTINPUT (2) .*
KMESH:=READ ; SKIPTEXT ; OMIN:=READ ; -SKIPTEXT ;
•COMMENT' NMESH SET TO ZERO MEANS PRESET MESHES FROM PROFILE USED ; 
'COMMENT' OMIN SET TO ZERO MEANS AUTOMATIC CALCULATION OF FACTOR ;
VE:=READ/VFAC ,* SKIPTEXT ; VC: =READ/YFAC ; SKIPTEXT ;
EPS DMAX:-READ ; SKIPTEXT ; EPSDSUM; =READ ; SKIPTEXT ;
TRN:-READ/TFAC ; SKIPTEXT ; TRP: =READ/TFAC ; SKIPTEXT .
ETRAP:=EXP(READ/VFAC); SKIPTEXT ;
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NVOLTS: =READ ,* SKIPTEXT • NSSt-READ I 
SELECTOUTPUTC2) »*
I WS I j s ' I F*  TEST(1)  ’ THEN* 0 'ELSE* NMESH+1 T 
WRITETEXT!*C'SERIAL%NUMBER%') ' ) ; PR I NT < S E R IA L , 6 , 0 ) !  
NEWLINE<2) .* PRINTUWS1 , 4 , 0 )  ; WRITETEXT (- ' ( 'M E S H XPOINTS' )*)  ; 
N £W LI N E < 2) ; WRITETEXK* (*PROFILEX%%*)' )  »■
S E-LECTIN PUT (1 ) • COPYTEXT( ' ( ' / ' ) ' )  J NEWLINE (2)  i  
MESH IN : = READ ; I A': = READ ,* I B : = READ -J
Hl:=READ*8-4/LFAC ; H2:=READ*&-4/LFAC» E PI:=READ/NFAC J 
' IF*  TESTO)  'THEN' NMESH: -MESHIN *
’ COMMENT’ PRESET MESHES USED I
'BEGIN'  'ARRAY * T IME/EV O L T S  , C V O L T S 1 0 : NV O L T S 3 , S S T I ME[ Q: NS S  3 ,
PROF,PROFG,X,N,P,PSI»MN,MP,NK,PK,HN,HP,HPSI,PSIK,  
A,B,C,D,E,F,DX, JP, JN, JPK, JNK,DELTA,U,UK,  
PSIOLDtO:NMESHI, INPROFN,INPROFG,iNXCO:MESHIN] ■? 
•COMMENT* MAIN DATA SPACE IS DECLARED DEPENDENT ON THE NUMBER OF 
MESHES USED AND ON THE PROFILE DATA ;
'PROCEDURE' PROFILE ;
•COMMENT’ THIS PROCEDURE QUADRAT ICALLY INTERPOLATES FROM THE GIVEN
PROFILE DATA TO THE ACTUAL MESH USED,AND SETS UP JUNCTIONS, 
BASE CONTACT POINT ETC. I
'BEGIN* 'REAL' DH1,DH2,DH3,DK12,DH23,DH31, XX !
' INTEGER'  I , J , K ;
PROFMAX: =0 ;
PROF CO3 : = INPR.OFNt03 ; PROF[ NMESH3: = 1NPROFN£ MESH IN3J 
'FOR V I : =0 'STEP* 1 'UNTIL'  NMESH 'DO*
•BEGIN’ ’ I F '  1=0 'OR'  I =NMESH 'THEN* ’ GOTO* BDl ,*
MIN:=XL ,* XX: =X 11 3 ; K: =1 ;
‘ FOR’ J : =K 'STEP* 1 'UNTIL'  MESHIN-1 ' DO'
•BEGIN' ' I F '  ABS(XX»I NXtJ3) 'LT'  MIN 'THEN'
'BEGIN* MlN:=ABS(XX~lNXCJ3) K: = J ; 'END' ' ELSE * J : =MESH I N ,*
•END’ ;
DH1 :=XX-INXCK-1 3 ,* DH2 : =XX-1 NX C K 3 ,* DH3 : = XX-1 NX C K +1 3 I
DH12:=DH2-DH1 ; DH25:=DH3-DH2 ,* DH31 : = DH1 -DH3 ;
PR0FCI3 :=-(INPR0FNCK-1 )*(DH2*DH3)/(DH12*DH31) 
+INPR0FNCK3*(DH3*DH1) / <DH23*DH12)
+ INPR0FNCK+1 3*(DH1 *DH2)/<DH31.*DH23)) I 
WS.1 :=ABS(PR0FC13> ,* *
' I F '  WS1'GT'PROFMAX 'THEN* PR0FMAX:=WS1 ;
WS1 :=-CINPR0FGCK-13 *<DH2*DH3)/ < DH12 * DH31)
+ 1NPROFGCK3 * ( D'H3 * DH1 ) / (DH23*DH1 2)
+ INPROFG£K + 13*<DH1*DH2)/(DHi1*DH23))  ,*
'GOTO' BD2 ,*
BDl: WS1 :=INPROFGE' IF' I=0*THEN'0'ELSE'MESHIN3 ;
BD2: PROFGCI 3 :=WS1 ;
' END' ;
1EB: = ICB;=0 ,* ICPLUS :=NMESH ;
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•'FOR* I : =1 ‘ STEP* 1 'UNTIL'  NMESH 'DO'
•BEGIN* * IF* PRGF[I3*PROFCl~13' lT'Q ’ OR* PROFtI3=0 'THEN’ 
•BEGIN* ' IF* IE5=0 'THEN' IEB:=I-1 'ELSE'  1C B: = I J 'END'  ; 
• I F '  P R O F m  *GT* 10*EPI 'AND' ICB'GT'O 'AND' 1CPLUS=NMESH
•THEN' ICPLUS: S I I
'END* ;
'FOR'  I : = IE B 'STEP* 1 'UNTIL'  ICB *DO' '
* I F '  PROF[I 3 ' I T ' PROF 11 - 1 J 'THEN* 15ASE; = I J 
' I F '  TEST(2) 'THEN* I BASE: = ( 1 EB + ICB)/2  ;
* COMMENT' IEB AND ICB ARE THE NEAREST MESHES OUTSIDE THE BASE 
REGION, IBASE IS THE POINT OF MAXIMUM BASE DOPING,
( OR THE BASE MIDPOINT IF SYSTEM SWITCH 2 IS SET >, 
AND ICPLUS IS THE POINTCLF ANY) AT WHICH WE CONSIDER 
THE COLLECTOR TO BECOME N + ;
' END* OF PROFILE ;
PROCEDURE' MOBILITIES ,*
COMMENT* PROCEDURE FOR THE CALCULATION OF CARRIER MOB ILITIES ?
'BEGIN* 'FOR* I :=0 'STEP'  1 'UNTIL* NMESH 'DO*
•BEGIN' WS1 :=2.4482&21/LN(1+1 ,40694820/< ( N m  + P£ I3)*NFAC) 3/MFAC 
WS2:=WS1/( (PR0FGCI3+PU3 * 0 , 5 ) *KFAC) ,* WS1 :=WS1 / C PROF G C 11 *N F AC ) 
WS3:=480/MFAC ; WS4:=1350/MFAC •
WS5:=WS3/WS1 ? WS6:=WS4/WS2 ,*
WS5: = '  IF* WS5 * L£ * 0 ,08 'THEN'
1 - 3 , 432*WS5+13.99*WS5*WS5 'ELSE* ' I F '  WS5' GE' 3 . 8  ' THEN'
1 - 1 .442/WS5+2.137/WS5/WS5 'ELSE*
( 1 4 , 16+45.22+WS5+31. 06*WS5*WS5}/(1 5 . 7 2  + 7 6 . 34*WS5 + 3 6 . Q0*WS5*WS5) 
WS6: - ' IF* WS6* LE ' 0 . 08  'THEN*
1-3,432*WS6+13.99*WS6*WS6 'ELSE* *IF» WS6*GE' 3 . 8  ' THEN *
1 - 1 ,442/WS6+2,137/WS6/WS6 'ELSE*
( 1 4 . 1 6 + 4 5 . 22*WS6+31. 06 + WS6*WS6>/< 15 . 72 + 7 6 . 3 4 * WS6 + 3 6 . 0 0 * WS6*WS6) 
H P t 13 :=WS5*(WS1*WS3)/ (WS1+WS3) ;
MNtl3:=WS6*(WS2*WS4)/(WS2 + WS4> .*
•END' ;
•END* OF PROCEDURE MOBILITIES J
PROCEDURE* VOLTAGES(T) .* 'VALUE' T ; 'REAL'  T ;
COMMENT* CALCULATES BOUNDARY VOLTAGES AT ANY POINT IN TIME BY
LINEAR INTERPOLATION FROM GIVEN DATA VALUES ,*
'BEGIN'  ' INTEGER' I J 'REAL' TT,X I
TT:=T-TIM£E1 3
•FOR' I :=2 'STEP'  1 'UNTIL'  NVOLTS 'DO'
• I F ’ (TIMECI3-TT)*<TTMECI-13-TT) 'LE'O 'THEN'
•BEGIN' X: = (TT-TIMEU-13) / <TI MEU3-TI MEEI -13)  i  
VE:=EVOLTSt1 - 1 3*(l-X)+EVOLTStI3*X i  
VC:=CV0LTSCI-13*(1-X)+CV0LTSCI1*X i  
•GOTO' EXIT ;
. 'END' ;
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S E L E C T O U T P U T C l  )  ;  WRI  T E T E X T  ( '  (  * T I  ME% I S % 0 U T % 0 F 7 . R  A N G  E • )  ' )  ;
N E W L I N E ( I )  ;  S E L E C T O U T P U T (2)  ! O U T V A L U E S  ; P A U S E C 9 9 )  ; 
E X I T :  ’ E N D *  O F  P R O C E D U R E  V O L T A G E S  .
‘ PROCEDURE* REMESH ;
'COMMENT' THIS PROCEDURE CALCULATES A -NEW ' SPATIAL- MESH DISTRIBUTION 
FOR THE PROBLEM SUCH THAT A GIVEN QUANTITY HAS EVENLY 
DISTRIBUTED STEPS OVER THE MESH,HERE POTENTIAL IS USED ,*
•BEGIN'  ’ REAL' PSISUB,PSI0,X0,X1 ,X2»PSI1 #PSl2,FRAC#DELPSI ,*
, * INTEGER' I *JrKrLOCrMlNtlNDEXtDIVSUM ;
•INTEGER* 'ARRAY* DIVISOR[ 0 : NMESH3 ;
PSISUM:=X0:=0 ;
* FOR' I : =1 1 STEP * 1 'UNTIL* NMESH 'DO'
•BEGIN* PSISUM;=PSISUM+ABS<PSICI3-PSICI-13) J AEI3:-PSISUM ; 'END 
•COMMENT* ANOTHER QUANTITY MAY BE CHOSEN BY CHANGING THIS LINE ; 
AC03:=0 ;
d e l p s i : = p s i s u m / nmesh ; di vs um : = o ; i n d e x : = nmesh ;
RPT: DELPSI:=DELPSI*tINDEX+DIVSUM)/NMESH ;
KIN:=INDEX:=0 ;
•FOR’ I :=1 'STEP'  1 •UNTIL* NMESH-1 *DO*
•BEGIN* PSI 0 : - I *DEI PSI  ;
• I F '  PS 10 • GE' PS ISUK 'THEN' 'GOTO' NEXT2 ;
•FOR* J ; =MIN 'STEP* 1 ’ UNTIL* NMESH-1 'DO*
•BEGIN' P S n :  = AtJ]  ? PSI2;=ACJ+13 ;
* IF * PSIO'GT* PSI2 'THEN* 'GOTO' NEXT1 ?
:> FRAC: =( PSI 0 - PSI 1> / ( PSI 2 - PSI 1 ) ;
INDEX : =1 NDEX + 1
FCINDEX3:=XtJ3+FRAC*DX[J3 ;
KIN:=J ; J:=NMESH-1 ;
NEXT1: * END' ;
NEXT2: * END * ,* INDEX: = INDEX+T ;
BIVSUM:=0 ; FC03:=0 ; F11NDEX3: = Xl ?
'FOR* I ; =1 'STEP* 1 'UNTIL'  INDEX 'DO'
•BEGIN' D IVI S 0 R [ I 3 : -  £ N T I E R ( ( F C I 3 -  F 11 -1 3 ) /  ( 3 * H ) ) ,V 
'COMMENT' MAX STEP OF 3*ORIGINAL ALLOWED ;
DIVSUM: = DIVSUM+DIVISOR[ I 3 !
•END' ;
• IF * (DIVSUM+1NDEX)' NE* NMESH 'THEN* 'GOTO' RPT J
A£NMESH3:=XO:=XL ; LOC:=NMESH ;
'FOR'  I : = INDEX 'STEP* -1 'UNTIL'  1 'DO'
•BEGIN* J:=DIVIS0RCI3 ;
At LOC]: ~F CI 3 ; X0:s A C LOC3 J LOC: = LOC-1 J 
•IF* J ’ GT’ O 'THEN*
'BEGIN' FRAC:=<FCI3-FCI-13) / ( J+1> ,*
'FOR* K:=1 'STEP* 1 'UNTIL'  J 'DO'
'BEGIN'  ACLOC3:=XO-FRAC ; X0:=AtLOC3 ; LOC:=LOC-1 ; 'END'  ; 
•END* ; '
. ’ END'
' I F '  lOC'NE'O 'THEN* PAUSE(98)  ;
FOR * I :=INDEX+1 'STEP* 1 'UNTIL'  NMESH 'D0»
'BEGIN'  F [ I 3 : = - H .* DIVI SOR 113 : =-1 ,* ' E ND ' ; DIVI SOR 10 3 : =- ’1 ; 
SELECTOUTPUT(3) ,* PAPERTHROW ;
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WRITETEXTt • ( 1 REDISTRIBUTEDXXXVALUES’ ) *) J ■ NEWLI NE (2)  ■ ; i -  
* FOR ’ I :=0  'STEP'  1 ’ UNTIL* NMESH ’ DO* ,
’ BEGIN’ PRINT ( I / 4 r 0 ) PR I NT ( F 113 / H , 0 , 4 ) ,*
PRINT(DIVISORCI)# 4» 0 ) ; PR I NT( A11J/ H, 0 , A) ;
NEWLINE <1) I F 1 1 J : =ACI 3 ?
’ END* ;
SELECTOUTPUT(I) ; NEWLINE(2) ;
WRlTETEXTt' ( '  REMESHXCOMPLETED%%%%%%%%' ) ’ ) !
PR I NT (INDEX* 1 # 0) ,* PRINTCH(Z7) ; PR 1 NT ( DI VSUM , 1 » 0) .*
WRITETEXTC'(’ POINTS’ ) ’ ) ; NEWLINE (2)
’ COMMENT’ INTERPOLATE AT NEW X VALUES ,* ^
’ FOR’ I :=1 'STEP'  1 ’ UNTIL’ NMESH-1 ’ 0 0 ’
•BEGIN' *FrAC: = FCI3 J IWS1:=0 ; 
x o : =XL ; MIN:=1 ;
•FOR’ J:=MIN ’ STEP’ 1 ’ UNTIL* NMESH ' DO’
’ BEGIN' WS2 : =ABS( FRAC-XIJ3) ;
’ I F ’ WS2’ GT•XO ’THEN’ ’GOTO’ Li ’ ELSE' ’ GOTO’ L2 J 
11:  MI N: =J-1 ; J :=NMESH ; IWS1:=1 ;
L2; XO: =WS2 ;
’ END’ ;
•IF* IWSTEQ’ O ’ THEN' MIN: = NMESH-1 ;
•COMMENT’ NO POINT FOUND THEREFORE NEAREST TO ENDPOINT; 
XQ:=X£MIN-13 ; x i :=xiMiN3 ; X2:=XCMIN+13 ;
WS1:=((X1-FRAC)*(X2-FRAC>>/((X1-XU)*(X2-X0))  / 
WS2:~((X2-FRAC)*(X0-FRAC>>/((X2-X1>*(X0-X1)> ;
WS3:=C(X0-FRAC)*(X1-FRAC)) / ( (X0-X2)*(X1-X2))  *
Al l ]  :=WS1 *PSI CMIN-1T + WS2*PSI EMIN3 + WS3*PSHMIN + 1 1 ;
B l I  3 :  =  E X P ( W S 1 *  I N ( P [ M I N - 1 3 ) + W S 2 * L N ( PIMI N 3 ) + W S 3 * L N ( PCMIN + 1  3 )  )  »* 
C£I3;=£XP(W$1*LN(N£MIN-1])+WS2*IN(N£MIN3)+W$3*LN(N£mIN+13)) ; 
• E N D ’ ;
•FOR’ I :=1 'STEP'  1 ’ UNTIL’ NMESH-1 ’ DO' X£13:  = F[ I 3 T
•FOR' I :=1 ’ STEP’ 1 'UNTIL'  NMESH ’ DO' DX £1 3: ~X £ 13- X11-13 ,*
• F O R ’ I :=1 'STEP'  1 ’ UNTIL' NMESH-1 ’ D O ’
’ BEGIN’ P S I [ I 3 : = A ( I 3  ; PCI3:  = BCI3 ; NM3:=CCI3 ; 'END* ;
RECOMB ; PROFILE ; MOBILITIES ;
'END* OF PROCEDURE REMESH ,*
•PROCEDURE’ POISSON ;
’ COMMENT’ SOLVES POISSON EQUATION. ONLY ONE CORRECTION USED HERE ?
'BEGIN'  ' INTEGER'  J  I  'ARRAY' M[-1:13 ;
PF;=1 ; 'COMMENT' FULLY PRESENT-CYCLE CHARGE USED ?
’ FOR’ I :=1 'STEP'  1 ’ UNTIL* NMESH-1 ’ DO'
•BEGIN’ WS1:=0 ;
Ml -13 : = (DX[ 13 + DXE l3 + 2*DXtl]*DX[ 1 + 1 3-2*DX£ 1 + 1 3*DX£ I-+1 3 >/24/DX £ 1 3 
Mil 3 :=(DXtI+1 3*DX£I+1 3+2*DX£ 1 + 1 3 * DX£ 13-2*DX113*DX£13 ) / 2 4 / D X U + 1  3 
MtO] : = <DXtI3 + DXn + 1 3 ) / 2 - Mt - 1  3-MI1 3 ,*
AC I 3 :=1/DXCI3-MC-13*PF*(N£1 - 1 3+P£1-13)  #
CII3 :=1/DX£I+1 J-MI1 3*PF*(N£l+1 3+PCI+1 3) I 
BCI3 : = - 1 / DXl I 3 - 1 / DXt I  + 1 3-Mf03*PF*(N£l3+P£I ] )  ;
•FOR’ J : = I - 1  'STEP* 1 ’ UNTIL' J+1 ’ DO’
WS1;=WST+MCJ-I3*(N£J3-PIJ3-PR0FCJ3) ; —
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Dl 1 3 :=WSt + <PSI113-PS I t  1-13 > / DX £ 13- <PS I £1 + 1 3-PS 111 3 ) /DXt 1 + 13 ; 
•END* ;
F £ 1 3 ;=CC13/B£13 ; E t 1 3 ; =D[ 1 3 / BC13 ;
•FOR* I : =2 * STEP' 1 ’ UNTIL'  NMESH-1 ’ DO’
. * BEGIN’ F Cl 3 :-C 11 3 / ( B11 3-AT I 3 *F £ 1-13)  ;
E C I 3 : = ( D t I 3 - A C I 3 * E t I - 1 3 ) / ( B t l 3 - A t I 3 * F £ I - 1 3) ;
•END’ ;
DELTACNMESH3:=0 ;
'FOR* I : =NM£SH-1 'STEP’ -1 'UNTIL'  1 'DO' 
DELTACI3:=££I3-F£I3*DELTACI+13 ,*
’ f o r ' i ; = i  ’ s t e p ' 1 ' Un t i l * nmesh-1 ' do* p s i [ 1 3 : s p s i e i 3+d e l t a c i 3 ;
'END' OF PROCEDURE POISSON ;
PROCEDURE’ CARRIERS ;
COMMENT' PROCEDURE TO SOLVE CARRIER EQUATIONS ;
’ BEGIN' 'INTEGER* J ;  ’ ARRAY* MC-1:13 T
’ FOR’ I : = 1 ' S T E P ' 1 ’ UNTIL'NMESH*DO' DELTA£ 1 3 : = P S I £13-PS I U -13 ;
•FOR* I : = 1 ' STEP'1 ’ UNTIL'NMESH-1 ’ DO’
- 'BEGIN’ ,-WSI : -  DE LTA £ I 3 ; WS2 ; =DE LTA [ 1 + 1 3 ? WS5 : -  ( DX 11 3 + DX£ 1  +13 >7 2 
M t - 1 3 j = (DX£I3*DX[I3 + 2*DXtl3*DX[I+1 3-2 + DXCI+1 3*DXtI + 1 3 ) / 2 4 / D X t I 3  
Mtl3 : = (DX£I+13*DX£I + 11 + 2*DXU + 1 3*DX11 3-2*DX11 3*DX£1 3 ) /  2 4 / DX'C I + 1 3 
Ml0 3 :=WS5-M£-13-MCI 3 ;
WS3: = ’ I F ' ABSCWS1)’ LT’ &-3 'THEN' -2 / C2  + WS1)
'ELSE'  WS1/ (1-EXPCWS1) )  ;
WS4: = ' IF*  ABSCWS2)’ LT' S-3  'THEN' -2/C2+WS2)
'ELSE* WS2/C1-EXPCWS2)) ;
T1: =WS3*CKPCI3+ MPC1 - 1 3 ) 7 2 / DX[ I 3 ;
T2;=WS4*(MPfI + 13+MPC13) /2/DXC1 + 1 3 ;
A11 3 : =-T1-M£~13 / BETA/TAU J CCI 3 : = -T2*EXP( WS2)-M11 3 / BETA/TAU ;
B t l 3 :=T1*EXP(WS1) + T2-MC0 3 / BETA/TAU ;
WS6:=0 ;
* FOR' J :  = I - 1  'STEP* 1 'UNTIL'  1 + 1 'DO'
WS6:=WS6+C(1-BETA)/ BETA + UKCJ3-PX t J 3 / BETA/TAU + U[ J 3>*MCJ - 1 3 ;
DU3 :=WS6-(1-BETA)/BETA*(JPCI + 1 3 - JPCI 3)  ;
’ END' ;
PtIBASE3:  = EXP(-PSI t IBASE3) i
FC13 :=Ct13/BC13 ; E111 : = ( D11 3-A113* P [ 0 3 ) / B£13 ;
'FOR* I : =2  ’ STEP'  1 ’ UNTIL’ IBASE-1 ’ DO’
'BEGIN'  WS1 :=BCI3-ACI3*F C I-1 3 ;
F I I 3 : -C £ 13 /WS1 ; EC I 3:  = ( D11 3-A11 3*ECI- 1 3 ) / WS1 ;
’ END’ ;
'FOR’ I :=IBAS£-1 ' STEP'  -1 'UNTIL'  1 'DO*
P [ 13: = ( E£ I 3 - F I I 3 * P £ I +13 > ;
FCIBASE+13:=CCIBASE+T3/BCIBASE+13 ;
E £ I BASE+1 3 (D£ I BASE + 1 J-A£ I BASE + 1 3 *P £ I BASE 3) / B C IBASE + 1 3 J
' FOR’ I : =1BASE+2 * STEP * 1 ' UNTIL’ NMESH-1 'DO'
•BEGIN’ WS1 ; =a CI 3 - Al I 3*F £I - 1  3 .*
FCI3:=CCI3/WS1 ; EC13; = (DCI3-ACI 3*E£ 1 - 1 3 ) / WS1 i  
'END* ;
•FOR’ I : =NMESH-1 ’ STEP'  -1 'UNTIL'  IBASE+1 'DO'
P£I 3 ;  = (E£I1-FCI3*P £ 1 + 13) ?
’ FOR’ I : =1 'STEP'  1 ’ UNTIL'  NMESH-1 'DO'
'BEGIN* WS1 :=DEITACI3 ; WS2:=DELTA£1 + 13 T WS5: = ( DX£ 1 3 + DXCI + 13) /  2
ODETTA
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M £ -1 3 : = < D X £ 1 3 * D X C l3+2*DXt I 3 * D X C I * 1 3 -  2 * D X C 1 + 1 3 * D X £ 1 + 1.3) / if 4 / 0 X LI 3 
Mil 3 :=<DX£1 + 1]*DXtI + 1 3 + 2*0X11 + 13 * DX 113-2*DXl13*DX£I 33 / 2 4 / D X t I + l 3 
MC0 3 :=WS5-M£-1J-MCI 3 ;
WS3:= , I F I A8S<WS1)*LT*&~3 'THEN' -2/C2+WS1)
•ELSE'  WS1/ (1-EXP(WSD)
WS4: = * I F ’ ABS(WS2)* LT• 8 - 3  ‘ THEN’ -2/ (2+WS2)
•ELSE* WS2/(1-EXP(WS2>) .*
T1:=WS3*<MNCl3+MNtI-13)7 2/DX[l3 ; 
T2:=WS4*<MNCI+13+HN£I3)/2/DXCI+13 i  .
Al 13 :=T1*EXP(WS1>+H£-13/BETA/TAU ; CC13 : = T2 + M113/BETA/TAU ;
B£J3 :=-T1-T2*EXP(WS2)+m£03/BETA/TAU ;
WS6: - 0  ;
•FOR' J :=1-1 'STEP* 1 'UNTIL'  1+1 ’ DO' 
WS6:=WS6-((1-BETA)/BETA*UK£'J 3 -  NK £ «J 3/  BETA?TAU+U £J 3 ) *M £ J -  1 3 ;
Dl 13 :=WS6-(1-BETA)/BETA*(JNCI+1J-JNCI3)  ;
'END' ;
F£13;=C£13/B£13 ; ££13:  = ( DE13-AC13*N£ 0 3 ) / B£ 13 ;
'FOR'  I : = 2  ’ STEP* 1 'UNTIL'  NMESH-1 'DO'
* BEG IN’ WS1 : = 6£I 3-ACI 3*F£I - 13  I  
F£ I 3 : = C £ I 3 / WS1 ; E£i 3:  = ( 0 113-AC13*ECI - 1 3 ) / WS1 ;
• E N D '  ;
'FOR'  I:=NMESH-1 'STEP'  - 1  •UNTIL*.1 ’ DO'
NCI 3 : = (EC13-FEI3*N£I+1 3) ;
RECOMB ;
•END* OF PROCEDURE CARRIERS !
PROCEDURE’ CURRENTS ;
COMMENT’ CALCULATES PARTICLE CURRENTS JN AND JP J
•BEGIN* 'FOR* I : =1 'STEP'1*UNTIL'NMESH'DO*
•BEGIN’ WS1: =PSICI3- PSI CI - 13 I  
WS2 : = * IF * ABS(WS1)* IT * 8-3  ’ THEN’ -2/C2+WS1)
•ELSE* WS1/ (1-EXP(WS1))  ; 
WS3:=(MN£I3+MNEI-13)/2*WS2/DX£I3 ;
JNCI3 :=WS3*(N£I3-H£I-13*EXP(WSD) ;
WS3 ; s (MP£ I 3+MPC1 - 1 3 ) / 2*WS2/DX£ IJ i  ■
JP£ 13: =WS3* (PC 1-1 3-Pt l3*EXp(WSD> ;
•END’ ;
’ END* OF PROCEDURE CURRENTS ?
PROCEDURE' RECOMB ,*
COMMENT' RECOMBINATION FROM SINGLE-CENTRE SHOCKLEY-READ MODEL ,* 
FOR’ I : = 1 ’ S T E P ' I ’ UNTIL’ NMESH-1 ’ DO’
UCI3;=<N£I3*P£I3-1) / (TRP*(N£I3+ETRAP)+TRN*(P£I3+1/ETRAP))  ;
PROCEDURE' OUTVALUES
COMMENT' OUTPUT VALUES OF ALL VARIABLES. DIFFERENT OUTPUT FOR STEADY
ODETTA
STATE CALCULATIONS AND TRANSI ENT CALCULATIONS ;
' B E G I N *  S E L E C T O U T P U T ( 3 )  ; N E W L I N E  < 3 )  J 
W R I T E T E X T ( » (  ' % M E S H *  ( '  4 S * >  ' P R O F  ' <  M 1 S  ' ) " ) ' )  ,*
W R I T E T E X T ( ' ( ’ X ' ( * 1 0 S * ) ' * ) ' )  ;
■WRITETEXK ' < 'N'  ( ' 12S ' ) ’ P* ( ' 11 S'  ) ' PSI ' ) ' ) J 
' I F *  NSTEPS=0 'OR'  HONINT=1 'THEN'
WRITETEXT( * ( * ' ( ' 9S*) 'MN, C*10S, ) ' M P ' ) ' )  ?
WRITETEXK* ( * * C*9S*)*JN*( * 1 0 S ' > ' J P ' ) ' >  ;
* I F * NSTEPS’ GT*0*AND, MONINT = 0 'THEN'
WRITETEXK * ( "  ( M I S ' > ' J D I S P ' < *8S' ) ' J T O T ' > ' )  ;
NEWLINE(2) ?
IMS1: =ENTIER( ( NMESH-1) / 5 0 ) +1 !
* IF * TEST(A) 'THEN* IWS1 : = 1 ? ..
'COMMENT' UNLESS SYSTEM SWITCH 4 IS SET# THEN ONLY ENOUGH MESH 
POINTS ARE OUTPUT TO FILL ONE LINEPRINTER PAGE ; 
IWS2:=NMESH-ENTIERC(NMESH-I BASE-2)/IWS1)*IWS1 ;
* FOR ' I : =0 'STEP'  IWS1 'UNTIL'  I BASE-1 * I BASE, IBASE + 1 ,
IWS2 'STEP* IWS1 'UNTIL'  NMESH-1,NMESH 'DO'
'BEGIN* PRI NT( I , 3 , 0 )  ,* PR I NT( PROFiI3*NFAC, 0 , 4 )  ;
PRINT(X113 * LFAC, Q»3) ; PRINT( N[ I 3*NFAC, 0 , 4 )  ;
PRINT(PtI3*NFAC,0,4)  ; PR I NT<PS I H 3 *VFAC, 0 , 3 )  ;
• I F ’ NSTEPS=0 'OR* MONINT=1 'THEN'
•BEGIN* PRINT<MNtI3*MFAC,0 , 3 )  ,* PR I NT < MP11 3 *MF AC , 0 , 3) J 'END'  ; 
• I F '  l ' G T ' 0  'THEN'
•BEGIN’ PRINT( JN [ I 3 *J F AC, 0 , 3 )  ; PR I NT < J P [ 13 * J FAC, 0 , 3 )  I 
- ' I f  NSTEPS * GT *0 *AND'MQNINT = Q * THEN'
•BEGIN' WS1 : = (PSI t H - P S I  CI-1 3 - PSI KH 3 + PSI KI I - 1  3 ) / (TAU + DXU 3) 
WS2: =JN 113 + JP CI 3 ; SPACE(3)  ; 
WS3:=(WS2+JPXCl3+JNKtI3)/2 ;
PRINT( WS1* J FAC, 0 , 3 )  ; PR I NT( ( WS3-WS1) * JFAC, 0  , 3 )  ;
' IF* I = 16 A S E 'THEN' JE:=WS2
•IF* I=I8ASE+1 'THEN* 'BEGIN'  JC:=WS2 i J B : = JC-JE ; * END' # 
'END* J 'COMMENT' GIVES TERMINAL CURRENTS ;
'END' ;
NEWLINE(1)  ? ' I F '  1 = 1BASE 1 THEN' NEWLINE (1)  J 
'END'  ;
* END * OF PROCEDURE OUTVALUES ;
'PROCEDURE* PLOTPVALUES.*
•COMMENT' OUTPUTS P DISTRIBUTION IN COLLECTOR FOR PLOTTING ;
•BEGIN'  SELECTOUTPUT(5)  ; PRINT( NMESH-ICB+1, 4 , 0 >  ;
• I F '  MONINTM 'THEN' WRITETEXT( ’ ( ' X%D2') ' )  ; NEWLINE<2> ? 
•FOR* I :=ICB 'STEP* 1 'UNTIL'  NMESH 'DO'
'BEGIN* PRINT(XC l3*LFAC,0 , 4 )  ; PRINT( PC13*NFAC, 0 , 4>  ; NEWLINEC1) ; 
NEWLINE(4) ;
'END'  OF PROCEDURE PLOTPVALUES .*
•PROCEDURE' INITIALISE ?
•COMMENT' SET UP INITIAL GUESS FOR PSI AND CARRIERS ; 
'BEGIN'  'FOR'  I;:=0,ICPLUS 'STEP'  1 'UNTIL* NMESH 'DO'
' END'
ODETTA
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'BEGIN’ WS1:=PR0FEI3 ?
' I F *  ABS(WSl)* G T ' 20 ’ THEN’ WS2 : = ABS<WS1>+ABS( 1 / WS1)
’ ELSE' WS2:=SQRT(WS1*WSl/4+1)+ABS(WS1/2) ; 
P S I £ I 3 : = ' I F '  WSl 'GT'O 'THEN' LN(WS2> ’ ELSE' ~LN(WS2>
'END* ;
'COMMENT* GIVES EQUILIBRIUM VALUE IN SP-CN NEUTRAL REGIONS J 
NE0 3 : =£XP( PS 1 103) ; P ( 0 3 : = 1 / n E03 ;
NCNMESH3: =EXP( PS 1 ENMESH 3) ; PENMESH3: = 1 /NENMESHJ ,*
'FOR'  I :=1 'STEP* 1 'UNTIL'  IEBrlCB 'STEP* 1 ' UNTIL' NMESH-1 'DO'  
'BEGIN'  N E13 : =1+ PROF E13 ; PE1 3 : = 1 / N£ 13 ; ■ ' END• ;
'FOR* I : = IEB+1 'STEP'  1 'UNTIL'  ICB-1 'DO'
'BEGIN* P£I3:=1-PROFEI3 J NEI3:=1/PEI3  ; 'END' 7
MOBILITIES ;
0 N O ( D X  EIEB + 1 3 * (3*PEIEB3/MN11EB3+ PEIEB + 13/MNCIEB+13)
+ DXEICB3*(3*PEICB3/MNEICB3 + PEICB-1 3/MNEICB-1 3 ) ) / 8  J 
'FOR* I : = IEB+1 'STEP'  1 'UNTIL* ICB 'DO'
JN0;=JN0+DXEI3*(PE I3/MNEI3 + PEI-1 3/HNEI-1 3 ) / 2  ,* 
JN0:=(EXPC-VE)-EXP(-VC)) / JNO ;
'COMMENT' GIVES CURRENT FOR COLLECTOR APPROXIMATION 7 
'FOR* I :  = 1 'STEP* 1 'UNTIL'  NMES H ' DO ' J N E I 3 : = J NO ,*
PS I £ 0 3 : = P S I £03+VE 7 WS1: = EXPC-VE3 i  
•FOR'  I :=1 'STEP'  1 'UNTIL* ICB-1 'DO'
•BEGIN* ' IF*  I ' GT' I BASE 'THEN*
WS1:=EXPCVE*(1-CXEI3-XEIBASE3)/CXEICB-13-XEIBASE3)>) ; 
WS2:=ABS <PROF £ 13) i  
' I F *  WS2*WS2 * GT' 40Q+WS1 'THEN'  WS3:=WS2+1/ WS2
'ELSE'  WS3:=WS2/2 + SQRTCwS2*WS2/A + WS1) ,*
P S I E I 3 : = ' I F '  PROFEI3'GT*0 'THEN* VE+LNEWS3) 'ELSE'  -LNCWS3) ; 
'END* ; •
'FOR* I : = ICPLUS 'STEP'  1 'UNTIL* NMESH 'DO'  PS ICI 3 : -PS I C13+VC I
IWSl :-NHESH ; WS1: = JN0/(EPI*1370/MFAC) 7 
WS2: =X£JCPLUS3-XCICB-1J ;
WS3:=2/EPI*(PSIEICPLUS3-PSIEICB-13-WS2+WS1) ;
• I F ’ WS3' GT * 0 'THEN'
'BEGIN* WS4;=SQRT(WS3) ; WS5: =WS4+X£ I CB- 13 J 
' FOR' I :  = ICB + 1 'STEP* 1 'UNTIL'  ICPLUS 'DO'
' IF* (XEIJ+X E1 - 1 3 ) / 2  ' GT * WS5 'AND' IWS1=NMESH 'THEN' IWS1:=I -1  
' I F *  IWSl'GT*ICPLUS 'THEN'
•BEGIN* IWS1 : =1CPLUS 7 
WS6:=(PSIEICPLUS3-PSICICB-13 ) /WS2+EPI*WS2/2 7 
* END* 'ELSE*
WS6:=WS1+£PI*WS4 ?
'FOR * I : = ICB 'STEP'  1 'UNTIL* IWS1-1 'DO'
'BEGIN* WS5:=XCI3-XETCB-13 ?
PSIEI3:=(WS6-EPI*US5/2)*WS5+PSIEICB-13 7 
'END'
'END* 'ELSE'
•BEGIN* WS5:=XEICPLUS3-'CPSIIICPLUS3-PSI EIBASE33/WS1 ;
'FOR* I : = ICPLUS 'STEP* -1 'UNTIL'  ICB 'DO*
•IF* (XEI3+XE1 - 1 3 ) / 2 ' LT' WS5 'AND' IWS1=NMESH ' THEN' IWSl : ~I ; 
' I F *  IWSl=NMESH 'THEN' IWS1:=ICB-1 'ELSE'
'FOR* I:=IBASE+1 'STEP* 1 'UNTIL* IWS1-1 'DO'  PS IEI  3 : =PSICI  BASE3 
* END* ;
'FOR* I : = IWS1 'STEP* 1 'UNTIL'  I CPLUS-1 ' DO' 
PSIEI3:=PSIEICPLUS3-WS1*(XEICPLUS3-XEI3) ;
ODETTA
•COMMENT* INITIAL GUESS NOW ESTABLISHED J 
•END* OF PROCEDURE INITIALISE ,*
‘ PROCEDURE* SYSTEMSOLVE ;
‘ COMMENT* ITERATES PSI , N, P  TO SOLUTION DICTATED BY TOLERANCES i
‘ BEGIN* ’ REAL* NORM#OLDNORM#OM1#OM I ' BOOLEAN*^OPT ?
■PROCEDURE* OMOPT
•6£GIN‘ WS1 : =OM ; WS3:~0M1 ,* ‘ IF* OPT * THEN * ‘ GOTO* EXIT I 
WS2: =SQRT( NORM/OLDNORM) I 
WS2; = 1 - ( WS2+WS1-1 )t2/<WS2*WS1*WS1) ;
• IF* WS2<&-4 •THEN* 'GOTO* EXIT ’ELSE * WS3:=2/(1 +SQRT(WS2)) ;
WS1:=WS3-(2-WS3>/4 J
•IF* ABS C( WS3-OM1) / ( 2-WS3)) > 0 . 05  * THEN' * GOTO’ EXIT ;
OPT: = * TRUE' ; WS1:=WS3 ;
WRITETEXTC*( *OPTIMIZED%OMEGA%X%%1) ' )  ;
PRINT(WS1t 0r3)  ; NEWLINE! 1) ;
EXIT: 0M1:=WS3 ; 0M:=WS1 ;
• IF* ‘ NOT‘ OPT ‘THEN*
’ BEGIN* WRITETEXT(* ( '  ESTIMATED%CME6AX%%% *)* ) ;
- PRINT(OM1* 0*3) » SPACE!8) i WRITETEXT!*(‘ USED%%%%' ) ' ) *
PRINT (OM r 0 #3) S NEWLINE!! > ,*
' ■ . ‘ END* ;
•END* OF PROCEDURE OMOPT ;
DPSI:=DPSISUM:=IWS1:=0 ; NORM:=0 ; OPT: = *FALSE* ; OM1 :=OM:=OMIN ,*
• IF* OM=0 * THEN' OH;= 1 ,3  * ELSE *
■BEGIN* OM1:=OM i OPT:=*TRUE* J 
WRITETEXT! * ( ‘ CONSTANTX%OM£GAX%X%*3 ») S PRINTCOM1 , 0 ,  3)  ,* NEWLINE <1 > ,* 
•END* ;
LOOP : IWSl:=IWS1+1? DM:=DPSI ; DS:=DPSISUM ;
•FOR* I : =0 'STEP* 1 ’ UNTIL' NMESH * DO * PS I OLD[ 1 3 : =PS I t l  ] ;
MOBILITIES ; CARRIERS ,* POISSON ;
DPSI:=DPSISUM:=0 ; OLDNORM: =NORM ,* N0RM:=0 J 
‘ FOR * I : =0 'STEP* 1 ’ UNTIL* NMESH *D0*
•BEGIN* WS1:=<PSICI3-PSI0LD[IJ)  ,*
PSI[I3;~PSI0LD[I3+WS1*0M ;
• I F ’ ABS(WSI) ' GT*ABS(DPS I ) * THEN*
•BEGIN* DPSI : =WSt ;  IWS2:=I ,* 'END* ;
DPS I SUM: = DPS ISUM+WS1 ; NORM: =N0RH+WS1*WS1 ;
■ . •END* ;
■ ■ SE4.ECT0UT.PUTd j ; PR I NT(I WS2,3 , 0) 1 SPACE(3) ;
PRINT( DPS I , 0#4) ; SPACEC3) ;
PRINT<DPSISUM»0»4> I  SPACE<3) .*
PRINT(SQRT(N0RM),0»4> I NEWLINE(I) J 
•IF* 5*<1WS1*/ ' 5) - IWSl=0 ‘ THEN* OMOPT ,*
‘ IF* ABSCDPSI)' GT’ EPSDMAX ‘ THEN* 'GOTO* LOOP ;
' I F *  ABS(DPSISUM)*GT*EPSDSUM 'THEN* ’ GOTO' LOOP ,*
' I F *  IWSl<2 'THEN* ‘ GOTO* LOOP,* ’ COMMENT' 2 CYCLES MINIMUM J 
CARRIERS t 
‘ END* OF PROCEDURE SYSTEMSOLVE J
ODETTA
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•PROCEDURE* MONITOR ;
'COMMENT* COMPUTES STEADY STATE SOLUTION AT TIME MON I TOR POINTS ;
•BEGIN' HTAU:=TAU ? TAU:=&20 ; B E T A I  HVE:=VE ; HVC:*VC ;
'FOR* I :=0  'STEP* 1 'UNTIL* NMESH ‘ DO*
'BEGIN'  H P l I 3 : - P [ I 3  ; hNCI3:"NCI3 » HPS11I I : =PSI t  I 3 .* 'END' * 
SELECTOUTPUT (1 ) ; NEWLINE(Z) S S T : -  S S TI ME C S S I N D EX 3 ;
WRITETEXT!'  ('MQNITORXPO.INTX') ' )  ,* PRINT !SSINDEX#2#0) ; SPACEdO) 
WRITETEXTCCTIME' )  *) ; PRINT(SST*TFAC#0#4) ;
NEWLIN£!2) ; VOLTAGES(SST) ? SS'I NDEX: =.SS INDEX+-1 »*
'FOR* I :  = 0 'STEP* 1 ’ UNTIL* IEB * DO*
P S U I 3 :  = P S I t I 3  + (VE-HVE) ;
'FOR* I :=IEB+1 ’ STEP* 1 'UNTIL'  IBASE 'DO' ~
P S U I 3 ;  = PSICI3 + (VE-HVE)*<IBASE-n/ ( IBASE-IEB)  »
,'FOR* I : “ IBAS.E + 1 ’ STEP* 1 'UNTIL* ICPLUS-1 'DO*
PSICIJ:=PSICl3+(VC-HVC)*(I - IBASE)/ (NM£SH-IBASE)  ;
'FOR* I:=ICPLUS 'STEP* T 'UNTIL'  NMESH 'DO*
P S I £ I 3: = PSICI 3 + ( VC-HVC) I  
SYSTEMSOLVE
NEWLINE(2) ; .WRITETEXT!' ( ' MON ITORXPOINTXCONVERGEDXAFTER* ) * ) i  
P R I N T ! IWSl ,4 , 0 )  ,* WRITETEXT!' ( ' ITERATIONS' ) ' )  i  NEWLINE (4)  J 
CURRENTS ; SELECTOUTPUT!3) ,* PAPERTHROW ;
w s i : = o  ; ' c o m m e n t '  i n t e g r a t e  f o r  c o l l e c t o r  p - c h a r g e  ;
•FOR* I : = ICB+1 'STEP* 1 'UNTIL* NMESH 'DO'
WS1:=WS1+(PCI-13+Pl I3 ) *DX £ I 3/2 ,*
WRITETEXT!' ( *MONITORXSTEADY%SJATE%AT* ) ' )  ?
PRINT(SST*TFAC,0,4)  ; SPACE(20)  ; WRITETEXT!• ( • COLL.XP-CHARGE'>• > 
PR I NT! WS V*NFAC*LFAC*ELCH#0#4) ?
OUTVALUES ; PLOTPVALUES ;
TAU: = HTAU ; BETA: = INBETA VE:=HVE i  VC: SHVC »
'FOR* I : = 0 'STEP' -  1 'UNTIL'  NMESH 'DO'
'BEGIN* PCI3:=HPCI3 J N CI 3 : = HN CI 3 ,* PS IC13 : = HPSIt  1 3 j ' EN D * !  
SELECTOUTPUT (4)  ; SPACE!5) ,*
WRITETEXT!' ( ' M* ) ' )  ,* SPACE(6) ; PR I NT!SST*TFAC#0#4) ;
SPACE (4) ; PRINT <VE*VFAC, 0 , 4 )  ; SPACE(2)  !
PRINT(VC*VFAC#0,4) ,* SPACE!4) ;
WS1 :=JN[IBASE + 1 3+JPCIBASE + 13 .* WS2 : = J N EI BASE 3+4 P CI BAS E 3 ;
PRI NT (WS2*JFAC , 0,  4) ; SPACEC2) ,V 
PRINT( ( WS1-WS2 ) * JFAC#0#4) ; SPACE!2) ;
PRINT(WS1*JFAC#0#4) NEWLINE !2)  -»
CURRENTS ;
'END* OF PROCEDURE MONITOR J
'COMMENT' PROGRAM STARTS HERE J
'COMMENT* READ IN TRANSIENT DRIVING VOLTAGES# MIN AND MAX STEP- SIZES 
IN TIME AND BOUNDARY VOLTAGE CHANGE# AND SS MONITOR TIMES 
• I F '  NVOLTS=0 •THEN* 'GOTO* PROFREAD ;
SELECTINPUT (2) ,* SKIPTEXT ;
•FOR' I :=1 'STEP* 1 'UNTIL'  NVOLTS 'DO'
'BEGIN* TIMECI3 :=READ/TFAC i  
EVOLTSCI2 :=READ/VFAC .* CVOLTS [ I 3 : =READ/VFAC;
'END* ;
SKIPTEXT J TAUSTARTssREAD/TFAC'..; SKIPTEXT J T AUMIN : =RE AD/TF AC ;
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S K I P T E X T  ; T A U M A X : = r e a d / t f a c  :  S K I P T E X T  ;  V E S T E P : = R E A D / V F A C  ; 
S K I P T E X T  ; V C S T E P : ~ R E A D / V F A C  *
'FOR'  1:=1 'STEP'  1 ’ UNTIL'  NSS ’ DO’
' B E G I N '  S K I P T E X T  ; S S T I M E C I 3 : S R E A D / T F A C  ? ' E N D '  ;
F R E E  I N P U T  ,*
•COMMENT' READ IN DOPING PROFILE ;
PROFREAD: SELECTINPUTC1)#
'FOR'  I := 0 'STEP'  1 'UNTIL'  MESHIN * DO'
'BEGIN* WS1 := READ,*
I NPROFN £ 13 : 55 READ /N FACT INPROFG£I 3:= READ/NFAC;
I N X t l J ; = *IF* I * LT' IA * THEN ' I*H1 ' ELSE' ^
' I F *  I ' G T ' 1 8  'THEN' ( IB-IA)*H<?^(I»IB+IA)*H1 'ELSE'  
IA*H1+(I~IA)*H2 ;
'END' ;
FREE INPUT ;
XL:=INXCMESHIN3 ; H: =XL/NMESH ;
'FOR* I :=0 ' STEP'  1 'UNTIL'  NMESH 'DO'
'BEGIN'  DX £ 13 : =H .* XI1 3 ; =XL*I/ NMESH ;
U£I3:=JN£I  3 : =J P £ I 3 : =J N K £ I J : = J P K £ I J ; = 0  ;
'END* ;
' I F*  TEST(1) 'THEN'
•BEGIN' ' FOR' I :=0 * STEP'1 * UNTIL'NMESH 'DO* X £ I J : s I NX £ 13 ;
'  FOR* I : = 1 ' STEP'1 *UNTIL'  NMESH 'DO' DX£ I J : =X£ I3~X11- I  3 ; 
'END'  ; 'COMMENT' PRESET MESH CASE ; '
P R O F I L E  ; ' C O M M E N T *  I N T E R P O L A T E S  G I V E N  D A T A  A T  M E S H  P O I N T S  I
'COMMENT* OUTPUT PROFILE (LINEPRINTER GRAPH) AND VOLTAGES »
SELECTOUTPUT( 3 )  ;
'FOR* I := 0 'STEP* 1 'UNTIL'  NMESH 'DO*
•BEGIN' I W S 1 ( L N ( A B S ( P R 0 F £ I 3 ) ) - L N ( A B S ( E P I ) ) ) /
(LN(ABS(PROFMAX))-LN(ABS(EPI)) ) *70 ;
* I F ' IWST ' LT* 0 'THEN* 1WS1: = 0;
PRINTCI»6r0) ;  SPACEC10); PRINTCPROFLIj*NFAC,0#4);
SPACE( 1 5 ) ;  PR INTC H <4022) ;  ,
* IF ' IWSl 'NE* 0 'THEN*
•BEGIN* SPACE( IWS1-1) ;
IWSl; = ' IF* PROF £ 13 * GT * 0 * THEN * 27 * ELSE' 26}
PRINTCH( IWS1) ;
'END' ;
NEWLINE(1). S"
* END * ; " . •
PAPERTHROW ,*
WRITETEXT(*(*CQMMON%BAS£%VOLTAGES*)*) ; NEWLINE( A) ;
WRITETEXT!*(* * < *3S*) ’TIME’ ( ' 1 6 S '>* EM ITTER' ( ' 5 S ' ) ' COLLECTOR *> ' ) 
NEWLINE(2) ; WRITETEXTC< * ' ( ' 3 S ' ) * STEADYXSTATE' ( ' 8 S ' ) "  ) ' > J 
PRINT(VE*VFAC*1, 3 )  ; SPACE(5) ; PRINT( VC*VFAC, 1 , 3 )  » NEWLINEC2) 
'FOR'  I :=1 'STEP* 1 'UNTIL'  NVOLTS 'DO'
*6EGIN' PRINT<TIME£I3‘*TFAC#0»4) ,* SPACEC10) ;
PR I NT( EVOLTS£ I 3 *VFAC#1»3) ; SPACE(5) i  
PR I NT( CVOLTSE13*VFAC#1#3). ; NEWLINE(I) ;
' END' ,* NEWLINE (3)  ;
WR ITETEXT( ' ( ' EPSDMAX%= ' ) ' ) ■ ;  PRIKT<EPSDMAX»0»4).  J 
i WRITETEXTC( 'EPSDSUM%=') ' )  ; PRINT(EPSDSUM,0 , 4 )  ; .
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INITIALISE ’ COMMENT' SETS UP INITIAL ESTIMATES i
’ COMMENT' CALCULATE FIXED MESH STEADY S.TATE VALUES ;
I NBETA: - ' IF ' TESTC6) ' THEN' 0 .5 ' ELSE' 1  i  
'COMMENT' INBETA=1/2 FOR C-N,1 FOR BACK-EULER ;
NST E PS; =MONI NT;=0 ;
BETA:*!. ; TAU:=&20 ; 'COMMENT' FORCES STEADY STATE ;
SELECTOUTPUT (3)  ; ' I F '  NV0LTS = 0 'THEN* 'GOJO'  NOTAUPRINT 
WRITETEXTC C  ' C O ' B E T A = *  ) •) ; PR I NT ( INBETA # 1 ,1 ) i  NEWLINE C1) ? 
WRITETEXTC' < 'TAUMIN=') ' )  t PR INTCTAUMIN*TFAC, Q, 4 )  ; NEWLINE C1) ; 
WRITETEXTC-'C'VESTEP=') ' )  ; PR I NT CVES T EP*V F AC f 0 , 4) ;
W R I T E T E X T C  ' < ' V C S T E P * ' > '  )  ;  P R  I N T t V C S T E P *  V F A C  r 0  ,  4 )  ;  N E W L I  N E C  4 )  ,* 
W R I T E T E X T C ' C ' T R N  =  * ) '  )  I P R  I N T C T R N * T F A C , 0 , 4 )  ;  S P A C E C 6 )  ; 
W R I T E T E X T  C ' C M R P *  * ) ' )  ;  P R  I  N T C T R P * T F A C » 0 , 4 )  ;  N E W L I N E  C 1 >  ;  
N O T A U P R I N T :  P A P E R T H R O W  .*
WRITETEXTC* C  INITIALXESTIMATE*) ' >  .‘ OUTVALUES ;
SE LECTOUTPUT C1 ) ;
WRITETEXTC C'SERIAL%NUMBER%')') ; PR I NT C S ERIA L, 6 ,  0) ,*
NEWLINE (2)- J WRITETEXT C * C ' EPSMAX%-%' ) '  ) ;
PRINTCEPSDMAXrO.4) .* WRITETEXTC' C "  C' 1 OS' )  » EPSDSUMX = %' ) ' )
PR I NTC£PSDSUM»0#4) ; NEWLINEC2) I
‘ FOR* I : =0 'STEP'  1 'UNTIL* NMESH 'DO*
'BEGIN'  NKtI I :=NCl]  .* P K t U :  = P t l 3  I UK C13 : =U C'l J ; 'END* .* 
SELECTOUTPUTCl) NEWLINEC2) ? WRITETEXT( ' C' M. 9 1 % % % % %  »>'  ) ; 
WRITETEXTC' C'%%%%DPSI%%%%X%X%X%DPSISUM' ) * )  J NEWLINEC2) !
SYSTEMSOLVE ; 'COMMENT' STEADY STATE CALCULATION ,*
SELECTOUTPUT C1) ; NEWLI NE C2) I
WRITETEXTC' C'• F I XEDXMESHXSTE AD YXSTATEXCON VERGE DX AFTER • ) ’ ) ! 
PRINTCIWS1 » 4 , 0 )  ? WRITETEXTC C1 ITERATIONS') ' )  ; NEWLINEC3) »’
SELECTOUTPUT C3) ,* PAPERTHROW ,*
WRITETEXTC ' C  FIXEDXMESHXSTEADYXSTAT.EXVALUES* ) ' )  ,*
currents  ; OUTVALUES ;
NEWMESH: ' IF* 'NOT'  TEST C3) 'THEN'
•BEGIN' REMESH ,* SELECT0UTPUTC3) ; PAPERTHROW J 
WRITETEXTC CINTERPOLATEDXVALUES') ' )  ;
CURRENTS J OUTVALUES ,*
•END* ’;
'COMMENT' CALCULATE VARIABLE MESH STEADY STATE VALUES i  
' I F '  NV0LTS=0 'THEN'
'BEGIN*1 IF'  TESTC3) ' THEN' ' GOTO' FINISHED ' ELSE' ' GOT 0 '  STST1 ; 'END* ; 
VE;=EVOLTSC1] J VC:=CVOLTS[13 J
ODETTA
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•IF* 'NOT* TEST (3 )' 'THEN*
•BEGIN* INITIALISE ,*
•FOR’ I : =0 'STEP* 1 'UNTIL'  NMESH 'DO* U C13 S =0 J.
'END* ;
SELECTOUTPUT (3)  PAPERTHROW ;
WRITETEXTC CINITIAL%TRANSIENT%GUESS')*> I
CURRENTS ; OUTVALUES ;
STST1: 'FOR* I : = 0  'STEP* 1 'UNTIL* NMESH 'DO*
•BEGIN' NKCI 3 : =N[ I 3 ,* PK£ I 3 : = PU3  ? UKCI3 ;=U£ 13 ; 'END'  ;
* I F '  TEST (3) 'THEN* 'GOTO* STST2 ,*
SELECTOUTPUT (1 ) ; NEWLI NE(2) ,*
WRITETEXTC'C%%%DPSIX%%X%X%X%%DPSISUM')* ) I NEWLI NEC 2) ; 
SYSTEMSOLVE ,*
SELECTOUTPUT C1) ? NEWLINE C2) J
WRITETEXTC'C' VARIABLEXMESHXSTEADYXSTATEXCONVERGEDXAFTER' ) ' )  ; 
PR1NTCIWS1, 4 , 0 )  ,* WRITETEXTC C' ITERATIONS* )* ) ; NEWL I NEC 3) ;
CURRENTS ; SELECTOUTPUT C3) PAPERTHROW ;
WRITETEXT C * C ' VAR IAB LE%MESH% VALUES * ) ' . ) . »  OUTVALUES ;
•IF* NVOLTS=0 'THEN* ' GOTO' FINI SHED ; 'COMMENT* STEADY STATE ON
STST2: NEWLINEC2) ; WRITETEXTCC' M U t i ' > ' )  I  NEWLINEC2) i
' C O M M E N T *  B E G I N  T R A N S I E N T  A N A L Y S I S  ;
•COMMENT' OUTPUT VOLTAGES AND HEADINGS T 
TAU;=7 AUSTART ,* T:=0 ,* SSlNDEX:-t  ; BETA : = INBET A J 
'FOR'  I ; = 0  'STEP'  1 'UNTIL'  NMESH 'DO* PS IK[ I } : = PS I C I 3 ?
SE LECTOUTPUT C 5) ,* WRITETEXT C ' CSERIALX NUMBER* ) ' ) ,*
PRINTCSERIAL,6 , 0 )  ; NEWLINEC4) I
SELECTOUTPUT(4)  ; WR I TETEXT C  t' .SERI ALXNUMBERX.'> • > ; 
PRINTCSERIAL,6 , 0 )  ; NEWLINE C4) ; PR I NTCNVOLTS, 2 , 0 >  ; 
WRITETEXTC C'%COMMON%BASEXVOLTAGES'>' )  .* NEWLI NE C 4)
WRITETEXTC C "  C' 3S ' ) ' TIME ■' C 16 S ' ) ' EMITTER' C 5 S ' ) ’ COLLECTOR ' ) ' ) 
NEWLINEC2) ,* -
'FOR'  l : =1  'STEP'  1 'UNTIL'  NVOLTS 'DO'
'BEGIN'  PRINTCTIMEtn*TFACr0,4)  ? SPACE C10)
PR I NTCEVOLTS11) * VFAC,1»3)  7 SPACE C5) ; 
PRINTCCV0LTS[I]*VFAC,1,3)  ,* NEWLI NE (1 ) ;
'END' ,* NEWLINE C3) ?
PAPERTHROW ; WRITETEXT C  C  %%STEP* C 9 S  ' ) '  TIME » C' 1 3S ' ) " ) *  ) 7 
WRITETEXTC' < • VE' C 13 S * ) • VC' C 13S* ) '  EMITXCURRXXXXXXBASEXCU'RR ' > ' )  
.WRITETEXTC'<•■'XX XX XXCOLLXCURR')' ) ,* NEWLINEC2) i
' C O M M E N T '  R E S T  O F  P R O G R A M  I S  C A L C U L A T E D  F O R  E A C H  T I M E  S T E P  7  
T I M E S T E P :  S E L E C T O U T P U T  C 3 )  ;  P A P E R T H R O W  ?
WRITETEXTC'CST£P% NUMBER*) ' ) i PR I NTCNSTEPS, 4 , 0 )  i /  «
SPACEC6) 7 WRITETEXTC C  TI ME ' ) ' ) .7 PR I NT C T*T F AC , 0 , 4) V ;
ODETTA
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SPACE (4)  ,* WRITETEXT ( '  ( ' VE' ) *  > ; PR I NT ( VE* V F AC , 0 , 4) ,*
S P A C E ( 4 )  ; W R I T E T E X T < * < • V C ' ) ' )  ;  P R I N T ( V C * V F A C , 0 / 4 )  i 
' I F *  N S T E P S ' N E ’ O ‘ T H E N *
’ BEGIN* SPACE(18) ; WRITETEXT( ' < 1C%TI ME *) ' ) ;
PRINT(<T~TAU/2>*TfAC#Of4) ; WRITETEXT( ' < '  J ' ) '  ) I  
’ END* ;
CURRENTS ; OUTVALUES ; PLOTPVALUES ;
* IF * NSTEPS' GT' 0 ‘ THEN '
'BEGIN'  SELECT0UTPUTC4) ! PR I NT(NSTEPS#5#0) ; SPACEC4) i  
PRI NT( T*TFAC#0#4) I  SPACE(4) ; PRI NT( VE*VFAC, 0#4)  J 
SPACE(2)  ; PRINT(VC*VFAC»0#4) ; SPACE(4) ;
PRINT (JE*J FAC/Of 4) ! SPACE(2> ; PR I NT ( J B*D F AC , 0 , 4 )  ; S PACE (21 '• 
P R IN T ( J C * J F A C»0»4 ) !  NEWHNfc<2) ;
'END* ;
SSMON: MON I NT:=0 ;
•IF* T ' GE’ SSTIMEtSSINDEX] 'AND' SSINDEX' LE' NSS * THEN • MON I NT : =1 ; 
•IF* MON I NT = 1 'THEN' 'BEGIN'  MONITOR ; 'GOTO' SSMON ; 'END'  I 
'COMMENT' CALCULATES STEADY STATE MONITOR POINTS J
NSTEPS:=NSTEPS+1 ;
VEK: =VE ; VCK: =VC ; ' IF* NSTEPS=1 'THEN* 'GOTO' FIRSTTAU ;
•IF* T + TAU' GT' TIME[NVQLTS3 'THEN' TAU: =TI ME[ NVOLTS3-T J 
'COMMENT' LAST STEP SIZE CHOSEN TO EXACTLY COMPLETE ANALYSIS ;
'COMMENT' CALCULATE TIME STEP SIZE TO BE USED ;
VOLTAGESCT+TAU) ; WS4:=TAU ; 'COMMENT* OLD STEP SIZE *
WST:=ABS(VE-V£K)/VESTEP ; WS2: =ABS( VC-VCK)/ VCSTEP ;
'COMMENT* RATIOS OF ATTEMPTED TO PERMITTED TIME STEPS ?
' I F '  WSVGT'V 'OR* WS2' GT ' 1 'THEN'
'BEGIN'  'COMMENT' SHORTEN TIME STEP ?
WS3:=' I F ' WSI'GT'WSZ 'THEN* WS1 'ELSE'  WS2 ? TAU:=TAU/WS3 ;
' I F ' TAU'LT'TAUMIN 'THEN' TAU: =TAUMIN ;
'  IF 'TAU>TAUMAX'THEN'TAU:=TAUMAX;
'END' 'ELSE'
'BEGIN'  'COMMENT' LENGTHEN TIME STEP ;
WS3:~*IF'  WS1 ' GT * WSH 'THEN' WS1 'ELSE* WS2 ;
' I F '  WS3 ' LT * &**40 'THEN* TAU ; =TAUMAX 'ELSE'  T AU : =?T AU/WS3 
• I F '  TAU'GT'TAUMAX 'THEN' TAU;=TAUMAX ;
' I F '  TAU'GT'2*WS4 'THEN' TAU:=2*WS4 ,* 'COMMENT* DOUBLE STEPSIZE 
' I F*  T+TAU'GT'TIM£[NVOLTS3 'THEN' TAU: = TI ME INVOLTS3-T ,* •
HALFSTEP: VOLTAGES(T+TAU) ;
WS1 :=ABS (VE-VEK>/VESTEP ,* WS2 :=ABS CVC-VCK)/VCSTEP ;
' I F '  WS1’ GT' 1 , 1  ' OR * WS2'GT*1.1 'THEN'
'BEGIN* TAU:=TAU/2 ; 'GOTO* HALFSTEP ,* 'END'  ;
•COMMENT* CORRECTS WHERE CHANGE FASTER THAN PREDICTED 
'END* ;
•IF* TAU'LT'TAUMIN/S6 'THEN* 'GOTO' OVER ;
'COMMENT' THIS TEST IS USED TO STOP THE TRANSIENT ANALYSIS ; 
FIRSTTAU: T:=T+TAU J VOLTAGES(T) ;
SELECTOUTPUT (1 > i WRITETEXT( ' C ' STEP' ) • )  ; PR I NT<NSTEPS , 1 r 0) ;
ODETTA
WRITETEXTC ' CXXXXXTIME'> ' )  ; PRINT(T*TFAC»0,4) I NEWLINEC2) 
'FOR'  I ; =0 .  ' STEP' '  V 'UNTIL'  IEB *00'
p s i e i j : = p s n i j + ( v e - v e k )  ;
' FOR‘ I : = IE B + 1 'STEP'  1 ’ UNTIL’ IBASE ’ DO'
P S I t U  : = P S I C n  + ( V E - V E K ) * ( I B A S E - I ) / C I B A S E - I E B )  ;
’ FOR’ I : = IBASE + 1 ’ STEP’ 1 ' UNTIL' ICPLUS-1 ’ DO'
P S I I I J :  = P S I I I  3 + CVC-VCK)*CI-IBASE)/CNMESH-IBASE) ;
•FOR' I : = ICPLUS 'STEP'’ 1 'UNTIL'  NMESH '00*
P S i m  :=PSI £ IJ+CVC-VCiO ;
' F O R '  I : ~ 0 ' STEP' 1 'UNTIL'  NMESH 'DO'
'BEGIN'  PSIKU 3 :=PSI  m  .? N K CI 3 : = N £ I 3 ? P K U 3 : = P U 3
JNKC13 : =JN£ I J  ; JPK[ 13: = J P £ I 3 ; UK£I3:=UCI3 ;
'END* ;
SYSTEMSOLVE ;
SELECTOUTPUTO) I  NEWLINE(1) ;
WRITETEXTC' ( ' TRANS IENTXSTEPXCONVERGEDXAFTER) i  
PRJNTCIWS1, 4 , 0 )  ; WRITETEXTC'C' ITERATIONS' ) ' )  ; NEWLINEC3)
•GOTO' TIMESTEP ; 'COMMENT' COMPUTE NEXT TIME STEP ,*
OVER: SELECTOUTPUTCI) ; NEWLINEC2) ;
WRITETEXTC C ' TRANS I ENTXANALYS I S%OVER') '  ) ,* NEWLI NE C 2) ; 
SELECTOUTPUTC4) ; WRITETEXTC' C' %X-1' ) ' )  ; NEWLINE C2) !
FINISHED: SELECTOUTPUTC3) ; NEWLI NEC2) ,* 
WRITETEXTC CSTEP%NUMBER%XX-1• ) ' )  l .  NEWLINE C2> ;
'END* OF DYNAMIC ARRAYS BLOCK J
END’ OF PROGRAM ;
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* PROCEDURE' CARRIERS ?
•COMMENT1 PROCEDURE TO SOLVE CARRIER EQUATIONS WITH LINEARISED
RECOMBINATION FUNCTION. BAND MATRIX PROCEDURES TRANSLATED 
FROM THE HARWELL LIBRARY ARE USED ;
'BEGIN* •INTEGER* J ; 'REAL'  MINP I V , DUN , DUP ,*
•ARRAY' MC-1 :1 IrQACI :2*NMESH~2f1:8]«.Q6C1 :2*NMESH-2J'  J
* REAL * 'PROCEDURE* MINVAL(X#Y) ; 'VALUE* X#Y ; 'REAL'  X # Y ; 
HINVAL:=*IF' X ' I T ' Y ' THEN' X ' E L S E ' Y ;
' PROCEDURE * MA07C(A«NLrKiNR) ; 'INTEGER* N L»K# NR I 'ARRAY* A ; 
•BEGIN'  ' REAL* PIVT,TEMP ; ' INTEGER' J r J 1 r J 2#J 3#J 4 f I #IK »
J4:=NR+1 ; PIVT:=AU# J43 ; ^
•FOR* I K : =1 'STEP* 1 ' UNTIL' Nl ’ DO'
•BEGIN* I : = IK + K ; J 1 : =NR-1K + 1 ;
■ ■TEHP:=-ACI#J1J/PIVT ; A[K#IK3:=-TEMP ;
J2:=3*NR-IK+1 ; J 3 : = J 4  ;
'FOR* 'STEP'  V 'UNTIL'  J2 'DO*
'BEGIN* A11#J 3 : =A[ I *J ] ♦ A[ KfJ33*TEMP i  J 3 : =J 3+1  ! * END ' ;
'END'  ;
•END* OF PROCEDURE MA07C ;
' . 'PROCEDURE'  MA07B(A,B,N,NW,PT,ERROR) ; *VALUE» N»NW ; 'ARRAY* A» B ; 
‘ ; 'LABEL* ERROR REAL* PT ; ' INTEGER* N»NW ;
•BEGIN* 'REAL'  BESTfTBESTiTEMP/BNCO;
* INTEGER ' 'NRfNRl*NR2»NR32' rNRl2' ISET»JSET»kr I P r NS»NT, KB#NEX, IB» 
NCO»KIB,LL2,LC0fNFT#IPT#NV#NL»NBACK T 
NR: = ( NW-1) ' / ' 2 ; NR1:=NR+1 ; NR2:=NR1+NR ; NR32: =NR2+NRV !
. *IF* PT = 0 'THEN' 'GOTO* L99 ;
•FOR* I SET:=1 'STEP* 1 'UNTIL'  N 'DO*
'BEGIN* NR12;=MINVAL(NR2 + 1 , N-ISET+NR1+1) 7
* FOR' JSET : =NR12 'STEP'  1 'UNTIL'  NR32 ' DO' A[ ISET, JSET3:=0 ; 
'END'  ;
•FOR* K:=1 'STEP'  1 'UNTIL'  N 'DO'
•BEGIN* IP:=K ; NS:=NR1 ; BEST:=ABS(ACIP,NS3) ;
•FOR' NFT: =1 'STEP'  1 'UNTIL* NR 'DO*
'BEGIN'  IPT:=K + NFT ; ' I F '  IPT'GT'N 'THEN' 'GOTO' L7 ,* 
NT:=NR1-NFT ; TBEST : =ABS(AC IPT,NT3) ;
• I F '  BEST'GE' TBEST 'THEN' 'GOTO* L7 ;
BEST;-TBEST ; NS:=NT ? IP:=IPT ;
L7: 'END'  ;
' I F '  K=1 'THEN' PT: =BEST T PT : =MINVAL<BESTVPT) *
' I F*  BEST#0 'THEN' 'GOTO' L5 ;
'COMMENT' ZERO PIVOT FOUND ; 'GOTO' ERROR ;
15:  ACK.NR323:-IP ; ' I F '  IP=K ’THEN' 'GOTO* L3 }
•FOR' NV:=1 'STEP'  1 'UNTIL'  NR2 * DO'
' B E G I N '  T E M P : = A t K # N R + N V 3 i 
A C K # N R + N V 3 : = A C I P # N S + N V - 1 3 ;  A t I P , N S + N V - 1 3 : = T E M P  ?
•END* ;
•COMMENT' ELIMINATION AND COEFF STORAGE ;
13:  ' I F*  K+NR* LT'N 'THEN' 'GOTO' L15 ;
NL:=N-K ; ' I F '  NL'GT'O 'THEN' 'GOTO' L16 ' ELSE' ' GOTO' L22
L15: NL:=NR ;
L16:  MAU7C(A*NLiK#NR) I  
L22: 'END'  ;
•COMMENT' NOW B IS PROCESSED J
L99:  'FOR'  KB:=V 'STEP'  1 'UNTIL'  N *D0»
•BEGIN'  NEX:=A[KB#NR323 J ' I F '  NEX=KB 'THEN' 'GOTO' 120 ;
TEMP ; =B [ KB 3 B t KB 3 : = B CNEX 3 ; B [ NEX J : =TEMP ?
120:  'FOR'  IB;=1 'STEP'  1 'UNTIL'  NR *D0'
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•BEGIN* KIB : = KB+ IB ; ' I F*  KIB' 6T ' N 'THEN* *GOTO' LI 7  1
BU I 8 3  :=BEKIB3-BCKB3*A[KB, IB] ;
L1 7:  'END* ;
•END' ;
•COMMENT' BACK SUBSTITUTE ; " ' *
•FOR' NBACK:=1 'STEP'  1 'UNTIL'  N 'DO'
'BEGIN'  NCO:=N+1-NBACK, I BNCO:=BlNC03 ,*
LL2:=MINVAL(NR2rNBACK) ! ' I f  LL2 = 1 'THEN' 'GOTO' L25 J
•FOR' LC0':=2 'STEP'  1 'UNTIL'  LL2 'DO'
BNCO:=BNCO-BCLCU+NCO-13+ACNCO*LCO+NR] ;
123:  BENC03:=BNCO/ACNCOf NRl3 ;
•END' ;
'END* OF PROCEDURE MA07B i  ^
'FOR'  I : = V  STEP'  1 ' UNTIL* NMESH* DO' DELTAC13 : = P S I U 3-PS I C I -13 J
'FOR* I :=1'STEP'1'UNTIL'NMESH-1 'DO'
•BEGIN* WS1:=DELTALI3 ; WS2: =DELTACI+ 13 ; WS5: = (DXlI 3+ DX£ I + 1 3 ) / 2  
Ml-13 : = (DX[I3*DX£I3+2*DXEI3*DXn + 13-2*DXCI + 1 3*DXCI+1 3 > / 2 4 / DX E n  
MI1 3 :=(DX£I+13*DXCI+1 J+2*DX£I+1 J * DX11 3-2*DXII  3 * DX£ 1 3 ) / 2 4 / DXE1 + 1 3 
Mt03:=WS5-M[-13-MC13 i
WS3: =' IF '  ABS( WS1> ' LT' &-3 'THEN' -2/<2+WS1>
'ELSE'  WS1/ ( 1 -EXP( WS1))  ;
WS4: = ' I F '  ABS( WS2)' LT' &-3 'THEN' -2 / (2+WS2)
•ELSE'  WS2/(1-EXP(WS2)> ;
T1 :=WS3*(MP£ I 3+MPU-1 33/2/DXCI3 
T2 : “ WS4*(MPtI+13 +MP El 3 ) / 2 / DXCl +l 3  ;
AII3 :=-T1-MC-1 3/BETA/TAU ! C £ I 3 : = -T2*EX.P ( WS2 ) -  M C1 3 / BET A /  T AU ;
BtI  3 : = T1*EXP(WS13+T2-M103/BETA/TAU ;
WS6:=0 ;
'FOR'  J :=1-1 'STEP* 1 'UNTIL* 1+1 'DO*
WS6:=WS6+(C1-BETA)/BETA*UK[J3-PKEJ]/BETA/TAU+UCJ3)*MEJ-I3 ;
Dt l l : =WS6- ( 1 - BETA) / BETA*( J P t I +1J - J PCI J )  ?
WS1 :=TRN*(PCI3+ETRAP)+TRP*(NCI3+1/ETRAP) ; 
DUN:=<P£I3-UCI3*TRP>/WS1 ; DUP: = ( N [ 13-U [ 13 *T R N) / WS1. ;
Dll  3 :=Dll3-<NEl3*DUN+PEl3*DUP)*WS5 ;
RCII3:=-DUN*WS3 i 
B I I 3 : =B C I 3-WS5* DUP ;
'END' ;
Al l  BASE 3 :=CCIBASE3:=RCtIBASE3: =0 ;
B C I BASE 3 : =1 »* DCIBASE3:= EXP(-PSI£ I BASE]>. i  
Dll  3 : = DC13-A113*P10J ?
DCNMESH-13:=DCNMESH-13-CCNMESH-13*PCNMESH3 ;
'FOR'  I :=1 'STEP'  1 'UNTIL'  NMESH-1 'DO*
•BEGIN' QA £2*I #13 : = A C13 J QAE2 * 1 , 2 J : = RC[ I 3 ; QA[ 2 * 1 , 3 3 : =BCI 3 ; 
QAC2*Ir43:=0 ; QA£2*I * 5 3 : =CC I 3 I QB12*I3 : -DCIJ  •
'END* ;
•FOR' I ;=1 'STEP* 1 'UNTIL* NMESH-1 'DO'
•BEGIN' WS1 : =DE LTAlI 3 ; WS2:=DELTAl1+13 ; WS5: = ( DX113+DXCI+ 13>/2  
M t - 1 3 : 5=(DXCI3*DX£I3 + 2*DXII 3* DXCI + 1 3-2 + DXCI + 1 3 *DX £ I +1 3 ) / 2 4 / DX £ 13 
M£1 3 ; = (DXCI + 1 3*DXCI + 1 3+2 + DXCI + 13 + DXCI 3-2*DXU 3 + DX U.I ) / 2 4 / DX t  1 + 1 3 
MC03:=WS5-MC-13-Mll3 ; ’
WS3: = ' I F ' ABS( WS1) ' I T ' &-3 'THEN' -2/<2+WS1)
•ELSE'  WS1/(1-EXP(WS1>) ;
WS4:=' IF* ABS( WS2)' LT' &-3 'THEN' -2/<2+WS2)
•ELSE'  WS2/<1-EXP(WS2)) i  ,
T1:=WS3*(MNEI3+MNCI-133/2/DXCI3 ; 
T2:=WS4*(MN£l+13+HN£I3)/2/DX£l+13 ;
AllJ:=T1*EXP(WS1)+MC-13/BETA/TAU ; CCI 3 :=T2 + MC1 3/BETA/TAU ; 
v ; B£13:=-Tl-T2*EXP(WS21+MC03/BETA/TAU ;
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W S 6:  = 0 ' '
•FOR1 J : = I - 1 ' ' STEP'  1 •UNTIL'  1 + 1 'DO'
WS6:=WS6-(<1-BETA)/BETA*UK[J3-NK[J3/BETA/TAU+U[J3>*M[J-I3 ;
D L I 3 :=WS6-(1-B E T A)/BETA*(JNC1 + 1 3 - J N t I l )  7
WS1 :=TRN*CPt I3 + ETRAP) + TRP*<NC 13 + 1 /ETRAP) 7
0UN: = ( P H 3 - U [  13*TRP)/WS1 ; DUp: = ( N t l  3-U [ 13 * TR N ) / WS1 •
D t l 3 : = D L l 3 + ( N [ l 3 * D U N + P C l 3 * D U P ) * W S 5  7 
RCCI  3 :  = OUP*WS5 7 
B t I 3 : = B t I 3 + W S 5 * D U N  
' END* 7 
D [  13 : = D C 1 3 - A t l 3 + N C 0 3  7
DENMESH-13 :=D[NMESH-13- C [ NMESH-13*N[NMESH3 ;
'FOR'  I i=1 ' STEP'  1 'UNTIL'  NMESH-1 'DO'
'BEGIN'  QA[ 2 * I - 1 # 1 3 : - A£13 7 QA[2*1 - 1#23 : =0  7 Q A I 2 + I - 1 # 3 3 : SB [ I 3 
QA[ 2* I - 1# 4 3 : SRC[ I 3 7 QA[ 2 * 1 - 1 # 5 3 ; =C[ I 3 7 QBI2 + I - 13  : = D[ 13 7 
• 'END' ;
M I N P I V : = 1  ;  ' I F *  T E S T ( 5 )  * T H E N ' M l N P I V : = S Q R T ( - 1  )  7 
' C O M M E N T '  F O R C E S  E X E C U T I O N  E R R O R  ON  S W I T C H  5  ,*
HAQ7B( QA#QB#2*NMESH-2#5#MINPIV#ZEROPIV) 7 
'GOTO' L1 ; ZEROPIV: PAUSE(96)  ;
LI :  'FOR'  I :=1 ' S T E P ' 1*UNTIL*NMESH-1'DO'
•BEGIN’ N[13: = Q B [ 2 * I - 1 3 7 P [ 13 : =QB12*I 3 ; * END' I  
RECOMB ;
'END'  OF PROCEDURE CARRIERS ;
